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SECTION 1

INTRODUCTION

1.1 GENERAL DISCUSSION

This work was performed by General Electric Missile and Space Division's Isotope
Power Systems Operation in partial fulfillment of Contract NAS3-10615, ' Vapor Cham-
ber Radiator Study," directed by NASA Lewis Research Center. The work was direc-
ted to the Research and Development of a Brayton Cycle Vapor Chamber Fin Radiator.

It is recognized that the heat rejection systems required for the relatively large space
nuclear power plants required in the future comprise a significant portion of the total
spacecraft weight and area. Thermal and structural efficiencies and performance
variations of radiators can therefore influence overall spacecraft configurations,
weight, payload and electrical power capability. Recently, General Electric com-
pleted a study of a Separately Launched Power Module employing the Brayton cycle,
under Contract NAS9-7444, for NASA/MSC. This system shown in Figure 1-1 formed
the basis for the requirements of the Vapor Chamber Radiator Study and serves to
illustrate the role the radiator plays in serving as structure and shell for system com-
ponents. The relative size of future radiators is even more dramatically illustrated
by Figure 1-2, in the study of a Low Acceleration Space Transportation System per-
formed for NASA under Contract NAS8-11423.

Obviously, a space radiator study of nuclear power systems such as the Brayton cycle
power plant identified in this contract must involve evaluation and optimization tech-

niques directed toward radiator concepts which minimize size and weight parameters.

[N
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1.2 STUDY OBJECTIVES, GOALS AND TASKS

The purpose of this program is to evaluate, identify and design a promising Brayton
cycle vapor chamber radiator for future space missions. The radiator must be cap-
able of being tested in a one-g environment and operated in zero gravity. The heat
rejection temperature range from ZOOF up to SSOOF is investigated. Vapor chamber
working fluids are identified for use in this temperature range, their thermal char-
acteristics and material compatibilities are determined, and preliminary radiator
designs based on these characteristics are prepared. A comparison evaluation is

made with a conduction fin radiator designed to the same specifications.

1.3 REPORT CONTENTS

Section 2 of this report contains a summary of the work performed, results obtained

and conclusions to be made,

Radiator and power plant system specifications submitted by NASA Lewis were used
as overall design criteria. These specifications provided the means of designing
and subsequently evaluating both radiators in conformance to a single set of require-
ments. The requirements, specifications and study criteria used are contained in

Section 3.

Section 4 describes the working fluid evaluation and material compatibility test pro-
grams performed. The radiator design, based on the requirements identified in
Section 3 and the fluid, material and capsule selections of Section 4, is described in

Section 5.

Section 6 presents the vapor chamber test program where representative vapor cham-
bers were designed, fabricated and tested to evaluate and demonstrate performance

compatible with requirements of the radiator design and predicted analyses.

The overall vapor chamber evaluation of results and conclusions are contained in Sec-
tion 7. An appendix is provided which contains: (1) tabulated values of fluid properties,
and (2) a detailed description of the atmospheric environmental criteria utilized. Ref-

erences are tabulated in order of appearance in Section 8.




SECTION 2

SUMMARY

2.1 INTRODUCTION

This report contains a description and results of the work performed toward the identi~
fication of a promising Brayton Cycle vapor chamber fin (heat pipe) radiator. The
specifications and requirements on which the radiator design is based were provided

by NASA. A summary of reference specifications is contained in Table 2-1.

TABLE 2-1, BASIC REQUIREMENTS SUMMARY

REFERENCE CONDITIONS AND SPECIFICATIONS FOR THE
BRAYTON CYCLE VAPOR CHAMBER RADIATOR

Thermal Heat Rejection —-~=—eememam—u 12,39 kWt Primary, 2.19 kWt Secondary
Radiator Fluid Inlet Temperature ------ 2880F Primary, 1180F Secondary
Radiator Fluid Outlet Temperature ——-—- 64OF Primary and Secondary

Effective Radiator Sink Temperature --- —100F

Radiator Surface Thermal Emissivity --- 0.85

Radiator FIuid —-—nmmmmmmmmememm e Dow Corning 200, 2 Centistokes at 77 F
Primary Fluid Pressure Drop --=—e—--- 25 PSI maximum

Reliahility ——=———m e o e e 0.99 or 0.999 for 5 years on Vapor

Chambers and on Primary Fluid Loops

Supported Load -——mmmomm e e e 6000 Pounds including Heat Rejection System




The reference Brayton cycle space powerplant uses a separate radiator loop with a
heat rejection of about 15 KkWt. A compact heat exchanger transfers waste heat from
the power conversion loop to a liquid coolant. This coolant is then circulated through
a radiator where the waste heat is rejected to space. This radiator is called the
primary radiator. In addition, an auxiliary circuit and radiator reject heat lost by
cooling the powerplant electrical and other components. This radiator is called the

secondary radiator.

The general configuration visualized for these radiators is an array of tubes through
which coolant flows and to which are attached solid, conducting fins. It was anticipated
that a significant reduction in radiator weight and area might be achieved by using

"vapor chamber" fins.
This study consisted of both experimental and analytical efforts. These included:
1. Vapor chamber fin fluid evaluation (compatibility testing, analytical per-
formance predictions)
2. Vapor chamber fin radiator design
3. Conduction fin radiator design

4, Vapor chamber (heat pipe) tests

5. Comparison of vapor chamber fin and conduction fin radiators.

2.2 VAPOR CHAMBER FLUID EVALUATION AND SELECTION

Initially, a wide selection of fluids was considered for application in the vapor chamber
fin radiator. These fluids, which are listed in Table 2-2 satisfy the following general

criteria:

i. Boiling point between OOF and SOOOF (propane and ammonia are exceptions)

. o
2. Pour point less than 20 F (except water)




3. Latent heat of vaporization greater than 100 BTU/Ib (except several

freons),

TABLE 2-2

. VAPOR CHAMBER WORKING FLUIDS

INORGANICS HYDROCARBONS OTHER ORGANICS
Water Saturated Unbranched Acyclic Alcohols
(Alkane Series) Methanol (Methyl
Ammonia Propane Alcohol)
n-Butane Ethanol (Ethyl
Sulfur Dioxide n-Pentane Alcohol)
n-Hexane Isopropanol
n-Heptane
n-Octane Amines
n-Nonane, etc. Methylamine
Ethylamine
Saturated Branched Acyclic Pyridine (CP-32)
Isobutane, etc. CP-34
Unsaturated Acyclic Esters

1-Butene, etc.

Saturated Monocyclic
Cyclobutane, etc.

Unsaturated Monocyclic
Cyclobutene, etc.

Monocyclic Aromatic
Benzene
Toluene
Xylene, etc.

etc.

Methyl Formate

Ethers
Anisole

Halogenated Hydro-
carbons
Freon F-11
Freon ¥F-12

Freon F-113, etc.

From this group, a more extensive screening process was undertaken in order to

select those fluids most likely to exhibit superior vapor chamber performance, Fig-

ures of merit which were used in this analytical comparison were a capillary flow

parameter, a vapor flow parameter, vapor pressure and thermal conductivity. On

this basis, the thirteen fluids listed in Table 2-3 were chosen for compatibility

testing with aluminum.




TABLE 2-3, F¥FLUIDS SELECTED FOR COMPATIBILITY TESTS WITH ALUMINUM

Temperature Range
150° to 300°F 20° to 200°F 20° to 150°F
n- Pentane CP-32 Ammonia
n- Heptane CP-34 Freon 11
Benzene Ethyl Alcohol Freon 113
Toluene Methyl Alcohol n- Butane
Water

The aluminum alloy, 6-61-T6, was selected for the vapor chamber on the basis of
resistance to chemical corrosion, good mechanical strength, weldability and avail-
ability. Capsules of this material were utilized in the fluid compatibility tests.

Since the planned radiator lifetime is five years, compatibility testing was performed
at higher temperatures than would be normally encountered so as to accelerate any
corrosion processes., The actual test periods were only one percent of the mission

requirements.

On the basis of these tests, benzene, n-heptane, n-pentane, freon-11, freon-113,
ammonia and n~-butane were judged to be compatible with 6061-T6 aluminum. The
remaining fluids were found to be unacceptable for use with aluminum in the temperature
ranges of interest. Water, which was known to be incompatible with aluminum, was
tested in a 321 stainless steel capsule, however, appreciable amounts of hydrogen were

generated,

On the basis of the analytical investigation and the compatibility testing, the following

fluids were selected as prime candidates for subsequent performance testing:




Temperature Range
o 0

150 to 300 F benzene, n-heptane, n-pentane
o o

20 to 200 F freon-11, freon-113
o o .

20 to 160 F ammonia, n-butane

2.3 VAPOR CHAMBER FIN RADIATOR DESIGN

The next phase of the study concentrated on the conceptual design of a load bearing

radiator. The major ground rules affecting the radiator design were:
1. Atlas-Centaur launch vehicle
2. Barth orbital mission (sink temperature = —100F)
3. Redundant primary fluid loops (two independent loops)
4. Aluminum radiator construction
5. Primary fluid - Dow Corning 200 (Silicone liquid)

Although it was feasible to provide a circular radiator configuration by orienting the
chambers longitudinally or circumferentially, a hexagonal shape was chosen. This
design, shown in Figure 2-1, eliminates the fabrication problem imposed by curved
vapor chambers and effectively utilizes the structural rigidity of the primary ducts

to support the power system during launch.

The use of DC-200, a stable, non-corrosive, but relatively poor heat transfer fluid,
required finned fluid ducts to improve the energy transfer to the vapor chamber
evaporator sections. The vapor chamber design (see Figure 2-1, View B) consisted

of a cylindrical tube attached to the underside of the radiating surface. This config-
uration formed a rigid panel in which the vapor chambers received meteoroid "bumper"
protection from the hexagonal shell. This design approach resulted in reduced
meteoroid armor requirements and an overall reduction in radiator weight at the

higher meteoroid nonpenetration probabilities.



VAPOR CHAMBER RADIATOR
DESIGN CHARACTERISTICS SUMMARY
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Figure 2-1. Vapor Chamber Radiator Design Characteristics Summary.




2.4 CONDUCTION FIN RADIATOR DESIGN

In order to provide a reference point for the vapor chamber fin radiator evaluation, a

conduction fin radiator was designed, Initial concepts utilizing a conventional round
tube conduction fin radiator resulted in excessive radiator areas. This was a direct
result of the radiator system conditions.and the physical properties of the DC-200
coolant. The combined effects of a large fluid axial AT, low radiating heat flux and
low fluid heat transfer coefficient resulted in laminar film drops as high as 100°F with

the round tube design.

Accordingly, the conduction fin design underwent a major alteration to the rectangular
finned geometry shown in Figure 2-2. The offset tube/fin arrangement again takes
advantage of the meteoroid "bumper' protection provided by the conduction fin. While
more difficult to design and fabricate than the round tube radiator, this concept is on

a more comparable level of sophistication with the vapor chamber fin design.

2,5 VAPOR CHAMBER (HEAT PIPE) TESTS

The objectives of this phase of the program were to:
1. Demonstrate the fabrication of the vapor chamber as defined in previous
studies.

2. Demonstrate the operation of the vapor chamber using the most promising
candidate fluids,

3. Obtain performance data so as to verify the radiator design results as
predicted by the analytical analyses.

In the low temperature range, below 1500F, ammonia and water were tested, while
n-pentane and benzene were tested between 1500 and SOOOF. The vapor chambers

were 30 inches in length, with 0.500 inch OD by 0. 035 inch wall. Five vapor chambers
were tested; each fluid was tested with a "¢'" shaped wick. All heat pipes were tested
in the horizontal as well as the tilted position. Ammonia and water exhibited excellent
capillary pumping capability, but the benzene and n-pentane could be tilted only to a
marginal degree. The "¢'* shaped wick appeared fo offer a superior return flow pas-

sage for the benzene,
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CONDUCTION FIN RADIATOR
DESIGN CHARACTERISTICS SUMMARY
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Figure 2-2. Conduction Fin Radiator Design Characteristics Summary
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A1l four fluids demonstrated excellent thermal characteristics with ammonia and water
having the lowest evaporative and condensing temperature drops. Since water is in-
compatible with aluminum, ammonia was judged to be the optimum fluid in the low
temperature regime; n~-pentane was selected as the fiuid for the high temperature

section.

2.6 RADIATOR EVALUATION AND COMPARISON

The comparison between the vapor chamber fin and conduction fin radiators was based
on the weight, area requirements and fabrication considerations for each concept.
The radiator weight included both the primary and secondary heat rejection systems

for a Brayton cycle power system as well as associated structural members.

The weight evaluation for the vapor chamber fin and conduction fin radiators was per-
formed with digital computer optimization codes. Area constraints, with appropriate
weight penalties, were factored into the analysis. Each of these codes modeled the
respective design concepts in detail; included in this analysis were heat transfer,
fluid flow and meteoroid protection considerations. Structural requirements were
determined by means of a computer code designed to analyze the properties of a load
bearing, stiffened cylindrical shell. The structural investigation indicated that the
conduction fin radiator was a more suitable load bearing structure than the vapor
chamber fin radiator. However, in either case the weight of additional stiffening

material required is less than the weight required for a separate load bearing structure.

A comparison of radiator weight and area is shown in Table 2-4 and Figure 2-3 for
meteoroid survival probabilities of 0. 99 and 0.999. The vapor chamber fin radiator

shows a distinct weight advantage at the higher meteoroid survival probability.
Neither radiator exhibited a large fabrication advantage over the other. The fluid

passages specified in the conduction fin radiator consist of very thin fins and narrow

fluid passages, making their fabrication difficult. Candidate methods of the duct fin

12



TABLE 2-4. COMPARISON OF RADIATOR WEIGHT AND AREA

PRIMARY SECONDARY
WT. (LB) AREA(FT) | WT.(LB) AREA(FT)

Survival Probability 0.999

Vapor Chamber Radiator 457 379 150 127
(n-Pentane and Ammonia)

Conduction Fin Radiator 559 355 160 122
Survival Probability 0. 99

Vapor Chamber Radiator 455 377 145 127
(n-Pentane and Ammonia)

Conduction Fin Radiator 441 344 136 122

700 T T T T
PERCENT AREA CHANGE
-0 0 10 w
600 |~ CONDUCTIONFIN - , W
DESIGN POINT z
4 20
VAPOR CHAMBER 1o f_)
500 - Fin DESIGN PT. T
0 w
=
8 1 [
4-10
@ 400 |- ! z
=} B J-208
(&) Lt
— o
o < 430
=2 300p w -
p SURVIVAL
2 CURVES  pROBABILITY
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Figure 2-3.

Primary Radiators

Comparison of Vapor Chamber Fin to Conduction Fin

13




fabrication would be chemical milling, machined slots or a corrugated sheet. The
vapor chamber fin radiator also utilizes finned primary fluid ducts, however, a de-
parture from the optimum fin thickness and spacing is not as critical as in the con~
duction fin radiator. Fabrication of the vapor chambers and subsequent thermal inter-
facing of the evaporator sections with the primary fluid ducts will also require special

methods and close quality control procedures.

2.7 CONCLUSIONS

A vapor chamber fin radiator concept has been evaluated and compared with a conduc-
tion fin radiator for the Brayton cycle space powerplant specified in Table 2-1. The

following conclusions have been reached:

1. Of the fluids tested, ammonia is the best working fluid for vapor chambers
operating at temperatures below 150°F,

2. At operating temperatures above 150°F, water is the best working fluid
on the basis of performance calculations. However, since water is
incompatible with aluminum and a liner was not considered, n-pentane
was selected as the working fluid in this temperature range.

3. The vapor chamber radiator weight is insensitive to the meteoroid sur-
vival probability when compared to the influence of this parameter on the
conduction fin radiator weight.

4. 'The specific weight for both radiator types ranges between 1.0 and 1.5
1bs/ft2.

5., Both radiators were calculated to be about equal in weight and area at a
survival probability of 0,998. At higher probabilities, the vapor chamber
radiator seems to be lighter and smaller, while at lower probabilities the
conduction fin radiator is lighter and smaller. However, the differences
in weight and area are less than 20 percent over the range of probabilities
from 0.990 to 0.999.
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SECTION 3

RADIATOR REQUIREMENTS

3.1 GENERATL DISCUSSION

The Brayton cycle powerplant, under development at NASA Lewis Research Center,
transfers waste heat from the gaseous working fluid to a liguid coolant, herein called
the primary radiator fluid. The primary radiator fluid is then pumped to the radiator
to dissipate the waste heat to space. Presently, the radiator is conceived to be an
array of tubes through which the primary fluid flows and to which are attached solid,
conducting fins (conduction fin radiator). This array may be cylindrical or flat in
shape. Heat may be radiated from either both sides or from one side only. An alum-

inum alloy would be employed.

It was considered possible that significant radiator weight and/or area reduction could
be achieved through the use of "vapor chamber' fins, This concept transfers the
waste heat from the primary radiator fluid to the radiating surfaces under nearly
isothermal conditions by the evaporation and condensing of a second fluid. Recircu-

lation of this second fluid is accomplished by capillary forces.

Since the vapor chamber radiator is evaluated as an alternate to the conduction fin
design, it must be competitive in all categories significant for evaluation. These
include: reliability, performance, fabrication and operation. It is difficult to formu-
late a single figure-of-merit function appropriate for comparison on a combination of
the above categories. Consequently, the vapor chamber radiator must compete favor-
ably on all counts. The approach to be used is to match the reliability, operations

and powerplant requirements and make the comparison on the performance parameters

yielding mass and radiator area characteristics,




The requirements and criteria for the design, comparison and selection of the radiator

systems are presented below.

3.2 POWERPLANT AND CONFIGURATION SPECIFICATIONS

Both radiator system concepts associated with the Brayton cycle powerplant have the
following characteristics as listed in Table 3-1. These requirements were specified

by NASA Lewis and are considered representative of current Brayton cycle concepts.

3.3 PERFORMANCE CRITERIA

The major criteria for comparative evaluation of the vapor chamber fin with the con-
ducting fin is radiator mass and area while maintaining the equivalent reliability and

operational characteristics.

The radiator mass is comprised of the vapor chamber fins plus the primary fluid cir-
cuit and structure. The vapor chamber mass includes container, meteoroid armor,
wick, fluid inventory and any conducting fin as provided. The primary fluid circuit

and structure can also represent a sizable mass; it is comprised of container, extended

heat transfer surfaces, fluid inventory, meteoroid armor and support structure.

In order to reduce the radiator area the temperature drop between the primary fluid
and radiating surfaces must be minimized. These temperature drops occur in the
following elements:

1. Primary radiator fluid boundary layer

2. Primary radiator fluid wall to evaporator
3. Evaporator liquid to vapor interface

4, Vapor flow passage

5., Condenser liquid layer

6. Condenser wall
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TABLE 3-1. REFERENCE CONDITIONS AND SPECIFICATIONS FOR THE BRAYTON
CYCLE VAPOR CHAMBER RADIATOR

Thermal Heat Rejection - Primary Radiator 12. 39 kWt (6 kWe)
Secondary Radiator 2.19 kWt
Radiator Fluid ~ Primary and Secondary Dow Corning 200 o
2 Centistokes at 77 F
Radiator Fluid Flow Rate - Primary 6.9 1b/min
Secondary 5,64 1b/min
Radiator Fluid Inlet Temp. -~ Primary 2882F (32021«“ peak)
Secondary 118 F (150 F peak)
*Radiator Fluid Outlet Temp. - Primary 64OF maximum
o .
Secondary 64 T maximum
Primary Radiator Fluid Pressure Drop 25 psi maximum
Effective Radiator Sink Temperature -10°F (45OOR)
Radiator Thermal Emissivity 0.85
Radiator Surface Solar Absorptivity 0.25
Radiator Survival Probability (1 of 2 loops 0.99 and 0. 999
for 5 years) (5 years)
Radiator Structural Material Aluminum Alloy 6061-T6
Radiator Supported Load 5000 1b plus 1000 1b for radiator
Radiator Diameter - Primary 9 feet (max dimension dependent
Secondary on shroud)
Radiator/Payload Shroud OAOQO 115 in. ID nom,. across
flats 110 in. ID

*Sufficient vapor chamber fin redundancy is to be provided for maintaining 64OF rad-
iator primary fluid after 5 years of operation with a probability of 0.99 and 0.999 in
each of two evaluations.
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The radiator optimization process involves the minimization of these temperature losses

without incurring significant mass penalties, The radiator design was optimized on a
system weight parameter which includes: radiator weight, additional launch vehicle
structural weight and interface penalties for excessive area, and additional power-
plant weight due fo the heat rejection loop parasitic power requirements. For pur-
poses of performing this optimization a performance parameter, equivalent mass, was

utilized. This equivalent mass is the following:

(V_vequiv.) - (Wactual) v (K (AEFF.) v (BPW) (SW) | (3-1)
where

(‘TV e quiv.) = Equivalent mass

(\;f ac tual) = Actual Radiator Mass

(AEFF.) = Effective Radiator Area

(K) = Tradeoff factor - pounds of additional structural and auxiliary weight
per square foot of radiator area

PW = radiator loop electrical pump work requirements (kWe)
SW = system powerplant weight per kWe

This equation provides a reasonable approach to achieve the proper compromise be-
tween minimal radiator weight and area, within the system constraint. The trade-
off factor, K, can be used in the parametric evaluation of radiator characteristics.
For the nominal radiator optimization, a radiator mass/area tradeoff factor of 0 to 5

2
Ib/ft” was used. For presentation of results, the actual mass and areas were used.
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3.4 VAPOR CHAMBER WORKING FLUID CRITERIA

The first study task is directed at the identification of vapor chamber working fluids

and their range of operating temperatures suitable for use in Brayton cycle radiators

dissipating heat at temperatures between 20O and 3500}5‘. The criteria established for

the selection of candidate fluids consider life expectancy, performance and operational

factors. The working fluid characteristics and critical parameters considered desir-

able are listed in Table 3-2. A more detailed discussion of these parameters and

their influence on the vapor chamber performance is included in Section 4.

TABLE 3-2. WORKING FLUID PERFORMANCE PARAMETERS

Evaporative Heat Transfer (high)
@ Vapor Pressure (moderate)

Vapor Flow Parameter ~p, A (high)
® P, - Vapor Density (high)
® \ - Heat of Vaporization (high)

Condensing Heat Transfer (high)
@ Liquid Thermal Conductivity (high)
@ Good Wettability with Wick & Containment Vessel
. . oph
Capillary Pumping Parameter - —— (high)
® ¢ - Liquid Surface Tension (high)
® p - Liquid Density (high)
® \ - Heat of Vaporization (high)
@ 1 - Liguid Viscosity (low)
Fluid Freezing Point (low)
Thermal Stability (high)
Radiation Stability (high)

Chemical Inertness with Containment Vessel/Wick (high)

3.5 LIFE EXPECTANCY CONSIDERATIONS

The reliability requirements specified for the vapor chamber radiator, reference Table

3-1, are the following:
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1. Sufficient vapor chamber redundancy is to be provided for maintaining
64°F radiator primary fluid after five years of operation with a proba-
bility of 0.99 and 0.999 in each of two evaluations.

o

Protection of the primary radiator fluid circuit is to be based on the
probability that at least one of two independent primary radiator fluid
loops will survive the threat of meteoroid damage after five years of
operation for manned missions at 0.99 and 0. 999 in each of two cases.
The five-year life requirement places an increased emphasis on the long life design

and reliability of the system. A number of critical design features of importance

are discussed below.

A potential advantage of employing vapor chambers in a radiator is that the vulnerable
area of the primary radiator fluid loop can be substantially reduced. In turn, this re-
duces the meteoroid armor requirements. The individual vapor chambers are also
vulnerable to failure by meteoroid puncture; the failure of one, however, is indepen-
dent of the failure of any other parts of the radiator. Tradeoffs of redundancy of com-
ponents or panels versus distribution of additional meteoroid armor are required to
provide best performance within the five-year life expectancy criteria,

Meteoroid criteria used in the study is contained in Subsection 3. 6.

A second failure mechanism to be considered is residual gas buildup within the vapor
chamber which reduces the working volume and useful radiating surface area. Gases
can be generated by any of the following processes:

1. Thermal decomposition of the working fluid

2. Radiation decomposition of the working fluid

3. Outgassing of the containment structure

4. Chemical reaction of fluid with wick and containment vessel.

The chemical reaction between the working fluid and the vapor chamber or wick causes

corrosion, Some corrosion is expected to occur over the five year period, but it is
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desired that this phenomensa be self~limiting where the corrosion layer becomes a
barrier inhibiting further corrosion. Uninhibited corrosion will eventually violate the
integrity of the vapor chamber and cause leakage of the working fluid. The requirement
for the five year space application is that corrosion does not cause leakage nor should
the residual gas buildup be significant so as to reduce operational performance below
specifications. The proper selection and sizing of materials and fluids are required.

Additional design considerations involving the structural integrity of the chamber

include:
1. Radiation damage causing reformation of chamber grain structure
2, Locked in stresses caused by improper annealing
3. Unaccounted for vapor pressures at design operating conditions.

3.6 METEOROID CRITERIA

The meteoroid criteria used in this study reflected current recommendations of NASA
Lewis at that time. The meteoroid environment assumed is the Whipple 1963A {flux
density model (Ref. 1) with an average meteoroid velocity of 20 km/sec and a meteoroid
density of 0.5g/cec, Many of the previous radiator studies at GE-SD assumed an average
velocity of 30 km/sec and a meteoroid density of 0.44g/cc. The estimates specified

for this study result in a 22 percent reduction in armor thickness. The use of estimates
of near Earth environment may be conservative for an outward interplanetary probe
mission, since the flux is generally considered to decrease with heliocentric distance.
Loeffler, Lieblein and Clough (Ref. 2), suggest a flux density decreasing at the rate

®)

, where R is the heliocentric distance. If the flux is integrated between Earth
and Jupiter, assuming a constant velocity and an (R)“l' 5 relation, the average flux

is only 29 percent of the near Earth flux. However, the flux intensities in the asteroid
belt and near Jupiter are anomalous, possibly comparable in intensity to the near Earth
environment. Estimates of the flux in traversing the asteroid belt vary by an order of
magnitude on either side of the near Earth environment, and the near Jupiter environ-
ment is as yet unexplored. A study of Jupiter fly-by missions (Ref 3) assumes a

Jupiter environment three times more severe than Earth's. Volkoff, (Ref. 4) estimates
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a protection requirement ratio relative to near Earth of 0.432 for a Jupiter orbit mis-
sion based on g time integrated environment. In the absence of reliable experimental
data, the more conservative estimates of near Earth environment are used in this
study. The damage criteria used in determining meteoroid protection requirements

is that proposed by Loeffler (Ref. 2),

- - 2
¢ =Ka 7, 1/6p ) 1/6  2/3 B, 1/3 a A 1/3g/ 1/3B (3-2)
P -IogeP(o) g+ 1

where
ta = required armor thickness in inches
K = 0.231 in. 1/3cml/2ft—7/61b1/2gm_1/2sec2/3
a = damage thickness factor

R4 = materials cratering coefficient

o = meteoroid density in gm/ cm3(0. 5)

Py = armor material density in 1b/ ft3
\4 = meteoroid velocity in feet per second (65, 500)
E ¢ = Young's Modulus of Elasticity at operating temperature in Ib/ in2

a = 5.3 x 10_11 grna particles

ftz - day

B = 1.34
AV = vulnerable (external surface) area of armor in ft2

T = mission time in days
P(o) = design probability of no critical damage

The constants a and<y vary from material to material and with damage mode. The
cratering coefficient 7 for a wide range of materials has been determined experimen-
tally, Summarized in Table 3-3 are values of the cratering coefficient determined

for various aluminum alloys at room temperature and 700°F {Ref. 5)
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TABLE 3-3. ALUMINUM CRATERING COEFFICIENTS

CRATERING COEFFICIENT

MATERIAL S

ROOM TEMP, 700 F

7075-T6 Al 1.93 1.68
2024-T6 Al 1.97 2.06
6061-T6 Al 1.80 -
356-T51 Al 2,58 2.31

The damage thickness factors for incipient dimple, spall, and perforation have been

determined for unlined aluminum tubes.

Unlined tube investigations of 2024-T6 aluminum have shown the effect of the magni-
tude of tube inside diameter on inner surface dimple, spall and perforation. Accord-
ing to Reference 5, it was found that in general, a slight decrease in a (damage thick-
ness) factor was observed with a decrease in tube ID., Summarized in Table 3-4 are
values of the incipient damage thickness factors determined for 2024-T6 aluminum

at room temperature and 7OOOF.

TABLE 3-4. INCIPIENT DAMAGE FACTOR,a, FOR 2024-T6 ALUMINUM

Room Temp. 7000F
Perforation 1.7 1.7
Spall 2.3 2.1
Dimple 2.5 2.5

The damage factors given do not represent values sufficient to prevent damage., An

increase in these values is necessary to prevent the occurrence of the chosen damage.
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3,7 STRUCTURAL CRITERIA

The reference launch vehicle to be ufilized with the Brayton cyele radiator in this
study is the Atlas Centaur employing an Orbiting-Astronomical Observatory Satellite
shroud. The 10-~foot diameter Centaur stage and shroud allows a nominal 9-foo
diameter cylindrical radiator with no allowance for heat rejection through the ends of

the cylinder.

The supported load of the radiator is specified to be 6,000 pounds. The spacecraft
weight is based on an allowance of 1,000 pounds for the radiator and 5,000 pounds of

equipment mounted above and supported by the upper radiator interface.

The maximum loads occurring on the radiator will result from launch conditions.
During launch, maximum "qo'' and maximum axial acceleration conditions exist.
Maximum bending loads occur when the product of dynamic pressure and angle of
attack "qa'' reach a maximum, and the maximum axial loads occur at the instant of
first stage engine cut-off. If the launch structure were designed to an axial load con-
dition only, an unrealistic result would be obtained, since it is obvious that the struc-
ture must also have some lateral stiffness. A difficulty arises in attempting to
specify a realistic load condition for lateral stiffness since it is known that static
lateral accelerations during launch are generally low. One approach is to design to an
artificial but conservative condition such as 12 g axial combined with 5 g lateral.

This approach may be reasonable for small payloads, but excessively conservative and
possibly prohibitive for a payload whose size and mass are no longer insignificant
compared with the launch vehicle. The load factors must decrease as the payload size

increases, as evidenced by the trend shown in Figure 3-1.

Based on existing Atlas Centaur data, (Ref. 6) the maximum axial acceleration loads
are 6.2 g axial and 0.3 g lateral. Maximum lateral acceleration conditions are 2.3 g
axial and 1.56 g lateral. These conditions are to be utilized in the study along with

the additional environmental requirements which follow.
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Figure 3-1. Trend in Launch Vehicle Dynamic Loads

3.8 STRUCTURAL ENVIRONMENTAL CRITERIA

The requirements for the vapor chamber radiator relating to the environment include
the phases of ground handling, launch, and orbital operations. The vapor chamber
radiator and conduction fin radiator shall be designed to withstand the anticipated en~
vironmental conditions as specified in Reference 7, and defined below, without mal-

function or performance degradation.

3.8.1 GROUND HANDLING CRITERIA

3.8.1.1 Gravity

The vapor chamber shall be capable of operating in a one-g environment for purposes
of establishing ground test performance prediction. Consideration should be given to
devising a vapor chamber fin and radiator geometry capable of operating in any
orientation in one-g as well as zero-g. The penalty for accomplishing this should

be determined. With this requirement, one area of potential disadvantage relative
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to the conduction fin radiator will be eliminated, and the operational flexibility will

be enhanced,

3.8.1.2 Manufacture
Wall thickness shall be sufficient to withstand normally expected tooling limits and

handling techniques as well as transportation.

3.8.1.3 Size

Geometric dimensions of the vapor chamber and wick shall be realistically selected to

satisfy fabrication techniques.

3.8.2 LAUNCH, LIFT-OFF, BOOST CRITERIA

3.8.2.1 Shock, Acceleration, Vibration, Acoustic Noise

The subsystem and components whether operating or not shall be capable of withstand-
ing without performance impairment the following simultaneous launch loads applied

at their mounting points and in the directions and magnitudes specified:
a. Shock — Twenty g shock along each of three mutually perpendicular axes.
The wave shape shall be a half-sine-pulse of 10 millisecond time duration.

b. Vibration — Sinusoidal input applied at the mounting points along each of three
mutually perpendicular axes.

5to 33 cps at 0.14 inch double amplitude displacement
33 to 140 cps at 8.0 g's peak
140 to 240 cps at 0.008 inch double amplitude displacement
240 to 2000 cps at 15.0 g's peak

c. Acceleration — Six g's acceleration for five minutes along the longitudinal
axis of the launch vehicle.

Three g's acceleration in the opposite direction.

Two g's acceleration in both directions along mutually perpendicular axes in
the plane normal to the longitudinal axis.
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The negative longitudinal and lateral accelerations are caused by low~frequency
{1 to 190 cps) oscillations which last a few seconds.

d. Acoustic Noise — The subsystems and components shall be capable of withstand-
ing the induced vibrations while subjected to an acoustic noise field with an
integrated level of 152 db, at a reference level of 0.0002 microbar for a
period not less than five minutes, with a distribution as shown in Figure 3-2.

3.8.2.2 Explosive Atmosphere

The subsystems and components shall be designed to minimize the hazard of fire, ex~-
plosion and toxicity to the launch area personnel and facilities. The hazards to be
avoided include accumulation or leakage of combustible gases, the hazard of spark or
ignition source, including static discharge and toxicity due to spillage of system fluids.
Applicable equipment shall be designed and fabricated to pass the explosive atmos-
phere test as specified in MIL-STD-810A (USAF), dated June 23, 1964, Method 511.1,

Explosive Atmosphere.
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Figure 3-2. Acoustic Noise Frequency Spectrum
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3.8.3 ORBITAL OPERATION CRITERIA

The subsystems and components shall be designed to be capable of start, shutdown,
restart, and continuous operation at rated power in the natural space environment for
earth orbits of from 300 to 20, 000 nautical miles without malfunction or degradation
for a period of five years. Space Environment Criteria Guidelines for Use in Space
Vehicle Development (1965 Revision), NASA TM X-53273, dated May 27, 1965, shall

be used as the space environment criteria reference.

3.8.3.1 Shock

The subsystems and components shall be capable of withstanding up to 3 g's shock
(course correction) having a half-sine pulse of 10 millisecond duration on each of three

mutually perpendicular axes.

3.8,3.2 Vibration
The éubsystems and components while operating or not operating shall withstand vibra-
tions in orbit of 0.25 g peak over a frequency range of 5 to 2000 cps for a time period

of five minutes for each occurrence,
3.8.3.3 Acceleration

3.8.3.3.1 Short Duration

The subsystems and components shall withstand accelerations of 3.5 g in one direction
along the lift-off axis, and plus or minus 1 g in all directions in the plane normal to
the lift-off axis. These accelerations will be withstood individually for a period of

five minutes maximum for each occurrence.

3.8.3.3.2 Sustained

The subsystems and components will also be required to be capable of withstanding a
continuous, unidirectional acceleration arising from a 4 rpm spin rate of the space-
craft. The g loading on the system components will be a function of their radial

location with respect to the spin axis,
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3.9 ATMOSPHERIC ENVIRONMENTAL CRITERIA

The vapor chamber and conduction fin radiators shall be designed o withstand the
anticipated atmospheric environmental conditions as specified in Appendix B. The
scope of this study does not allow for specific design details utilizing significant

portions of this specification and therefore its detailed definition has been included in

Appendix B of this report.
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SECTION 4

WORKING FLUID SELECTION

4.1 GENERAL DISCUSSION

4.1.1 SPECIFIC WORK REQUIREMENTS

The first program goal was to identify suitable working fluids for the vapor chamber
and to determine their range of operating temperatures. Those fluids considered were
to be suitable for use in Brayton cycle radiators which dissipate heat at temperatures

between 20°F and 350°F. General requirements for these fluids include:

1. High thermal conductivity, heat of vaporization and surface tension.
2. Good wettability with aluminum alloys.

3. Moderate vapor pressures.

4. Low freezing point and viscosity.

5. Thermal stability and inert chemically with aluminum alloys.

Estimates were made of the relative weights and areas of radiators employing the can-
didate working fluids. Based on these results plus evidence of thermal stability and
corrosion resistance with aluminum alloys, the best two combinations of working
fluids were selected for use in the single vapor chamber fin experiment. This work

is described in the subsequent sections.

The approach formulated at the inception of the study to select the working fluid for the

vapor chamber fin was:
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[

Compile physical properties of candidate working fluids.
Z. Perform an analytical comparative evaluation of these fluids.

Conduct a com

(V]

Vapor chamber principles were reviewed (Paragraph 4.1.2), and likely fluids were
surveyed. A list of fluid properties is contained in Appendix A. Fluids which ex-
hibited desirable characteristics (see Subsection 4. 2) were selected as candidates.

An analytical model for a vapor chamber fin design was formulated to perform a com-
parative evaluation of fluids (see Subsection 4. 3). Compatibility tests were performed
in parallel with the fluid evaluation using heated refluxing capsules to determine any
possible gas generation or corrosion which would make the fluid unsuitable (see Sub-
section 4.4). Based on this comprehensive investigation, fluids were selected for the
vapor chamber fin which offer the best performance potential for the Brayton cycle

application.

4.1.2 VAPOR CHAMBER FIN PRINCIPLES

The vapor chamber fin is a sealed duct enclosing a two-phase (vapor-liquid) working
fluid. Heat is applied to the outside wall of the duct at one end, and heat is removed
from the outside wall over most of the length of the duct on one or two sides. The heat
transfer is accomplished internally through the actions of boiling and condensing of the
working fluid on the heated and cooled sections of the duct wall, and through counter-
current mass flows of vapor and liquid within the duct. Design requirements for low

temperature drop and stable heat transfer in this device include:
1. Effective distribution of liquid in a thin film over the heat input surface, and
evaporative heat flux within stable limits for the fluid.

2. Maintenance of a steady, stable reflux stream of liquid, adequate to support
the vaporization.

3. Vapor velocity sufficiently low to avoid entrainment of refluxing condensate in

the countercurrent vapor flow and also sufficiently low to gvoid flow insta-
bilities associated with compressibility and other dynamic effectis.
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4, Free access of condensing vapor to the cooled wall s0 as to minimize thermal
resistance to condensing heat transfer.

are indicated schematically in Fig-
ure 4-1. Liquid is vaporized in the evaporative surface capillary structure. In the
process of vaporization, a pressure rise occurs across the curved surface film inter-
face between the liquid and vapor phases. The energy required to move the mass

flow of vapor across the interface against the evaporative surface film pressure dif-
ferential is supplied by the heat input. It is this energy which sustains the circulation
of vapor and liquid within the duct. The effective radius of curvature of the evapora-
tive surface film interface is necessarily smaller than that of the condensing interface,
in order that a net driving pressure differential be maintained. As vapor flow takes
place down the length of the duct away from the evaporation surface, the velocity is
diffused as a result of condensation on the side walls. In this diffusion a rise in static
pressure occurs, although this rise is reduced by the effects of wall friction. The
refluxing liquid flow takes place in the opposite direction to the vapor stream within a
suitable capillary structure. To sustain this flow against the frictional drag of the re~
fluxing capillary duct, a pressure gradient is required along the length of this capillary.
Since at any axial station the vapor stream and liquid stream static pressures are in
general different, a curvature of the vapor-liquid interface between the liquid and vapor

streams is required.

The flow phenomena in a heat pipe can be approximated to be one dimensional. For any
axial position in the condenser the vapor velocify can be evaluated from the following

expression

V= vz [1 - X/L] (4-1)

This assumes g uniform duct cross section and a uniform distribution of condensing
heat transfer along the length of the duci. V I the vapor velocity at the evaporator/
condenser interface, can be expressed in terms of the fotal heat transfer, Q, the heat

of vaporization, A, and the vapor density, p V:
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v,@: Q/{pv A v ;\E (4-2)
\ /
where AV is the vapor flow crogs-section.

The differential momentum flow equation for the vapor flow, with wall friction is

_ 2V.V _‘\7 (4-3)

£
DV

(¢
=t

where L is the vapor fin length,
D is the hydraulic diameter,
f is the friction factor.

In almost all cases of engineering interest, including the presently considered applica-
tion, o, Mmay be treated as constant along the pipe length. When Equation (4-3) is inte-
grated, the pressure distribution along the vapor stream is found to be like that shown

in Figure 4-1. The integrated equation is:

2

2 2 2 3
T
p= 2RV x -2 | - 2t p vy x - = 4 (4-4)
g L g D 3L

Substituting x = L the pressure difference between ends is obtained:

2
Yy 2L,
APend to end g, - 3D (4-5)

If a refluxing capiliary structure is provided which has a length L, an effective inter-
layer spacing of d, and a total effective flow passage width W (including all layers),
the pressure drop of the liquid flow in this capillary structure is given by:

v (4-86)
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(The 1/3 factor accounts for the linear variation of return fluid velocity along the fin

length.)

For laminar two-dimensional flow between layers

_ 24y
f=73 °, vd (4-7)

v 1can be expressed in terms of the total heat transfer @, W, d, and the heat of

vaporization A.

Vl - ApWd (4-8)
AP1 - 4 XM L3 (4-9)
‘}7 gc wd

- 3
In equation (4-9) the parameter L/Wd  is a function only of the refluxing capillary
geometry.

To maintain the mass flow circulation needed to support the heat transfer @, the net
pressure rise in the evaporative wick structure attached to the heating surface is
approximately equal to the viscous drag pressure drop in the condenser wick. The
difference between these differential pressures is the pressure rise in the vapor

stream.

For zero gravity operation, if the viscous drag resistance of the evaporative surface
capillary flow structure is small compared to the drag resistance of the refluxing
capillary, the main effect of the evaporative capillary structure upon the liquid flow
will be to raise the fluid pressure. This rise occurs at the phase interface. If the
effective radius of curvature of the evaporative interface surface film is rb and othe

surface tension of the fluid this pressure rise is given by

2a¢/ r, = AP (evaporative interface) {4-10)
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Subject to the assumption of neglecting the vapor phase pressure drop, the overall

vapor chamber pressure balance equation is:

° _2qu L (4-11)
Iy P M wa®

Equation (4-11) can be rearranged as follows:

g -2 [eoa] [27] [ma (4-12)
2 e rb L

Equation (4-12) expresses the total heat transfer in terms of the product of three para-

meters:
op A This is a function only of the working
a." fluid properties.
3 This is a function of the reflux capillary
b, _W_f‘_ structure geometry.
1 This is a function of the evaporative
c. —Yg surface capillary structure geometry.

4.2 PHYSICAL PROPERTIES OF WORKING FLUIDS

4.2.1 FLUID REQUIREMENTS

A variety of physical, chemical, and thermodynamic properties of a particular working
fluid must be considered in determining whether or not that fluid is suitable for the
vapor chamber fin. The vapor pressure at a particular temperature is an important
property. Low vapor pressure could limit the evaporative heat flux and necessitate
excessive vapor velocity for a given heat flux. High vapor pressures are thus desir-
able to minimize the temperature difference between the evaporative and condensing
gections. On the other hand, if increased wall thicknesses are required to accom-

modate the high internal pressure, an overall radiator weight increase may result.
The latent heat of vaporization is an important factor for vapor chambers requiring

high heat fluxes. A high latent heat of vaporization reduces the mass of fluid to be

pumped through the wick and vapor passages. The unusually high latent heat of
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vaporization of water makes it attractive for operation in the temperature range of

tolerable vapor pressures.

The temperature limits for operation of a vapor chamber with a particular fluid are
determined by the melting point of the fluid on the low temperature side. The upper
temperature limit is generally due fo a reduced surface tension or excessive vapor

pressures.

The capillary pumping ability of the working fluid is best described by the parameter
op\. The highest performance of a vapor chamber is thus obtained with a fluid with
hfgh surface tension, high liquid density, high latent heat of vaporization and low vis-
cosity. In addition, however, the capillary pumping ability is also dependent on wet-
ting of the capillary material by the fluid. I the fluid does not wet the capillary
material (that is, if the contact angle is greater than 900), no pumping will occur. In
general, however, most fluids will wet most solids provided the fluid is pure and the
solid surface clean. In fact, in certain operations, the ability of water to wet a metal

surface is taken as a measure of the cleanliness of the surface.

One important requirement of the working fluid will be the necessity for virtually com-
plete absence of any corrosion or thermal degradation in the heat pipe for the life of
the radiator. In contrast to most corrosion problems, the structural integrity of the
tube wall is not the primary consideration. Rather, it is the quantity of noncondensa-
ble gas generated in the thermal decomposition or corrosion reaction that must be
avoided, since such gas collects in the condensing region and effectively prevents the

flow of working fluid vapor into this region.

4.2.2 IDENTIFICATION OF CANDIDATE FLUIDS
On the basis of the fluid requirements discussed in the previous section, a large num-
ber of fluids have been screened for potential application in a vapor chamber radiator

operating between 20 and 350°F and constructed of an aluminum alloy. The pertinent
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properties of candidate fluids ave listed in Table 4-1. A complete compilation of
physical properties for these fluids is presented in Appendix A. The list is arranged
in the ovder of increasing boiling points. The general criteria for the selection of

fluids were:

1. Boiling point between 0 and 3000F (propane and ammonia are exceptions)
2. Pour point less than 20°F (except water)

3. Latent heat of vaporization greater than 100 BTU/Ib (except several Freons)

Along with the physical properties, Table 4-1 also lists the toxicity and flammability
of the candidate fluids. While these properties might not be of primary concern, it

is certainly well to consider what possible complications to experimental apparatus
would be involved in the handling of noxious or extremely flammable fluids. As a
general rule, a fluid with maximum allowable concentration rating of 25 ppm or less
represents a serious health hazard, especially if systemic effects are possible and
the liquid is volatile at normal room temperature. Similarly, propane and normal
butane have low flammability limits in air, and since they are normally in the gaseous

state, they represent a definite fire hazard.

Note that, in Table 4-1, ammonia, water, and the alcohols have high latent heat and
high surface tension; this combination of properties is quite favorable for vapor cham-

ber fluids operating at high heat fluxes.

Corrosion and thermal stability entries are based on the best available information
in the literature, but these are tentative ratings. Actual evaluation of corrosion and
thermal stability will be the subject of careful investigation on this program, as dis-

cussed in a subsequent section.
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TABLE 4-1.

VAPOR CHAMBER OPERATING IN THE 20 TO 350°F RANGE*

PERTINENT PROPERTIES OF POTENTIAL WORKING FLUIDS FOR A

6¢

*Fluids are arranged in order of increasing boiling point.

NOTES:

1. Toxicity column shows maximum allowable concentration in air for 8-hour exposure

2. Flammability column shows flammability limits in air by volume. EXPL denotes explosion limits (by volume) in air

3. Tentative thermal stability and corrosion ratings with Al: A - excellent, B~ good, C - fair, D - poor

op op Btu/lb Dyne/CM Psia op Note 3 T Note ’3 E
Name Formula Boiling Melting Latent Surfa‘ce Critical Critical NOt,e ,1 Note 2 . Thermal Cor_msmn ‘
Point Point Heat ’fensxon Pressure Temp. Toxicity Flammability Stability Ris_xsmnce
@B. P. @B. P. With A1

Propane CBHB ~43.8 -305.9 183.2 7 618 206.2 None 2.2 - 9.59% A A ;

k Ammonia NH3 -28. -107.9 589.4 35 1636 271.2 100 PPM 15 - 289 A A }

n-Butane C~}H10 31.1 -216.9 165.8 15 552 305.6 None 1.9 - 8.5% B A ’
Freon 11 CC13F 74.9 -168 78.3 19 635 388.4 Slight None A A
n-Pentane C5H12 96.9 ~201.5 152.6 14 489.5 385.9 None 1.40 - 7.8% A A
Freon 113 CC12F - CCII-‘2 117.6 =31 63.0 18 495 417.4 Slight None A A
Methyl Alcohol CH3OH 148.4 -144.0 473.0 19 1155 464.0 200 PPM 6 - 36% A D
Ethyl Alcohol CH3CH20H 173 -174.1 367.7 18 9827 468.0 1000 PPM 3.7-13.7% LN D
Benzene CGHG 176 42, 169 22 714 553. 25 PPM 1.4 - 7.10% A A

Isopropyl Alcohol C3H7OH 180.3 ~127.8 28% 21 779 462.5 400 PPM 2,02 - 11.8% A ] i
| n-Heptane CTHIG 209.1 ~131 138 13 396 512.6 None 1.10 - 6.7% A ! A

Water HZO 212 32, 970 59 3211 705.6 None None A 1 D ‘
Toluene C6H5CH3 231 -139 156 18.3 590 609 200 PPM 1.27 - 6.75% B 2 A
Pyridine N:CHCH:CHCH:CH 241. -43.6 193 28 B17 657 5 PPM 1.81 -~ 12.4% B il A
o-Xylene C6H4 (CH3)2 291.9 -13.3 149 17 530 678 200 PPM 1.00 - 6.00% ? A
n-Nonane CQHZO 302.4 -64, 6 126 11 362 565 None 0.83% = ... A A




4.2.3 PRELIMINARY FLUID PERFORMANCE ANALYSIS
Four processes are involved in the circulation of working fluid in a vapor chamber
which result in net heat transfer from the heated end to the radiating end. These pro-

cesses are:

1. Evaporation of the fluid at the heat input surface
2. Flow of vapor through the tube to the surface cooled by radiation
3. Condensation of the vapor at the surface cooled by radiation

4. Capillary pumping of the condensate back to the heated surface and distribu-
tion on the heated surface.

Any one (or more) of these processes may make up the principal thermal resistance at
typical low rates of heat flux. However, it is unlikely that condensation is a limiting
mechanism in the present application due to the inherent efficiency of this process and

the relatively large area available for condensation.

In the following discussion, a comparison is made of the calculated performance of
selected fluids chosen from Table 4-1. These fluids were selected primarily on the
basis of their expected high performance and partly on the basis of readily available
fluid properties. The performance parameters are evaluated at temperatures corres-
ponding to vapor pressures between 1 and 300 psia. These limits do not, of course,
represent absolute cut-off points but rather represent the range of probable application

of the fluid. The fluids may be conveniently grouped into. three categories; namely,
1. The relatively low boiling point refrigerant fluids (ammonia, n-butane and
propane)

2. Mid-range boiling fluids (Freon 113, methyl alcohol, ethyl alcohol and water)
which could possibly prove useful over nearly the entire temperature range

3. The relatively high boiling point fluids (pyridine and xylene) which could pro-
vide lower vapor pressures and thus lower stresses on the fube at temperatures
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above SOOOF, where deterioration in strength of aluminum alloys becomes
rather appreciable.

4.2.3.1 Capillary Flow Comparison of Fluids

As described in Paragraph 4.1.2 (Equation 4-12), the capillary pumping performance of

fluids may be compared on the basis of a parameter, g_ 905 A where is the surface ten-
]

sion of the fluid, p 2 the liquid density, \ the heat of vaporization, and i the liquid vis~
cosity. This parameter is a function only of the working fluid properties. In Figure
4-2, the capillary flow parameter is plotted against temperature for the selected fluids
between 20 and 3500F. A rather arbitrary vapor pressure cutoff has been imposed also;
namely, 1 psia on the low temperature side and 300 psia on the high pressure side. It
is interesting to note that each curve contains a rather broad maximum near the normal
boiling point of the particular fluid. The increase in the capillary flow parameter on
the low temperature side of the boiling point is due to the increase in surface tension
with temperature with relatively small changes in the other physical properties in-
volved in this parameter. The decrease in the parameter on the high temperature side
of the maximum occurs when the decrease in latent heat, liquid density and surface
tension is more rapid than the decrease in viscosity. The parameter, of course, de-
creases to zero at the critical temperature where both the latent heat and surface
tension become zero. In Figure 4-2, the superiority of water, ammonia and methyl

alcohol in terms of capillary pumping in this temperature range is apparent.

As vapor chamber fluid temperature increases, the heat rejection capacity of the con-
denser section also increases according to the Stephan-Boltzmann relationship for
radiant heat transfer. A greater demand is thus placed upon the capillary forces to
return more condensate to the evaporator. Dividing the parameter Ap Eogc/ti by

4
o_ (T

B ' f f
temperature and T g the sink temperature, a dimensionless parameter is obtained.

4
- TS ), where the radiating temperature T, is assumed to be the condensing

This parameter, shown in Figure 4-3, can be regarded as a figure of merit for the con-

denser operation for each fluid which must be large enough to match the evaporator

capability of the vapor chamber.
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4.2.3.2 Vapor Flow Comparison of Fluids

The problem of excess thermal resistance due to vapor flow may be generally avoided
by minimizing the vapor velocity for a given heat flux., M an earlier section, the vapor
velocity at the evaporative surface was shown to be inversely proportional to the pro-
duct p . A, where pV is the vapor density. The vapor flow parameter p v \ is plotted
against temperature in Figure 4-4. Note that by maximizing this parameter, the vapor
velocity is minimized. In Figure 4-4, the high and low temperature cutoff points again
correspond to vapor pressures of 1 and 300 psia. It can be shown from the ideal gas
law that vapor density is directly related tovapor pressure. Therefore, maximizing
Py A generally means selecting a fluid with a high vapor density (and vapor pressure)

at the temperature of interest.

4.2.3.3 Boiling Heat Flux Comparison of Fluids

The fundamental limitation on heat transfer by boiling is the critical heat flux. Con-
siderable information is available on the values of critical heat fluxes for various fluids
under g variety of operating conditions. The values of the critical heat flux for a num-
ber of organic liquids boiling at pressures up to 95 percent of the critical pressure
were correlated by Cichelli and Bonilla (Ref. 8) by plotting the critical heat flux (g/ A)C
divided by the critical pressure as ordinate versus reduced pressure as absisca (Fig-
ure 4-5). This is a convenient basis for comparison of the various fluids since it in-
volves only the vapor pressure and critical pressure. A similar comparison is made
for the fluids under consideration in Figure 4-6, where the critical heat flux (BTU/hr
ftz) is plotted against temperature for vapor pressures in the range 1 to 300 psia. In
Figure 4-5, the maximum in the curves reflects the maximum in the correlation which
occurs at a reduced pressure of 0.35. It is estimated that the water and ammonia
curves maximize at very high critical heat fluxes due to their very high critical

pressures.

4.2.3.4 Vapor Pressure Comparison of Fluids

In Figure 4-7, the vapor pressures of the fluids are plotted against temperature for
vapor pressures in the range from 1 to 300 psia. The general similarity between this

curve and Figure 4-4 is obvious.
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Figure 4-4. Vapor Flow Parameter vs Temperature for Various Fluids
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4,2.3.5 Radiation Sensitivity of Vapor Chamber Working Fluids

The working fluid in the vapor chamber must have predictable properties to insure the

continuous transfer and dissipation of waste heat by the systems radiator.

The effects of radiation on these fluids must be ascertained and subsequently taken into
consideration during materials selection and radiator design in order fo insure the suc-
cessful performance of the system throughout the intended mission. The effects of
ionizing radiation on liquids generally results in decomposition of the liquid with gaseous

liberation and variations in their viscous properties.

Although experimental data is lacking for the majority of candidate working fluids, data
is available concerning vadiolysis of ammonia and freon which indicates that the thres-
hold for significant decomposition (0.5 mol %) of these liquids may occur at an absorhed

6 7
dose of gpproximately 10 ~10 Rad.
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VAPOR PRESSURE, LB/IN2
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Further, it has been noted that the radiation-induced decomposition of organic liguid

appears to increase linearly with the absorbed dose (Ref. 9).
N

It has been obhserved that a considerable reduction in the efficiency of a refrigeration
system using freon was caused by an absorbed dose of 2.5 x 108 Rad gamma (Ref. 10).
In addition, viscosity changes in these fluids, particularly the benzene mixtures, appear

to begin at absorbed doses of approximately 10’7 - 108 Rad (Ref. 9).

In order to assess the sensitivity of the working fluids to a variety of radiations, an
estimate of the vapor chamber radiation environment after passage through 1 gm/ om2

of aluminum has been made, and is shown as a function of altitude in Figure 4-8. If

the fluid is contained within a thickness at least of aluminum, there appears to be little
damage from environmental radiation. However, weight competitive systems will very
likely use thicknesses on the order of 0.2 to 0.3 g'm/cmz. Therefore, significant radia-
tion doses will result and some form of radiation screening of the candidate fluids will

be required. o5

RADIATION DOSE RATE(RAD)

{ ! i i i J

1000 2000 3000 4000 5000 6000
ALTITUDE (NAUTICAL MILES)

103

Figure 4-8. Total Yearly Jonization Dose (1 gm/ cmz Aluminum
Shielding, Polar Orbits)
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In addition to the dose received from the environment, the radio isotope source may
possibly contribute g significant dose to the vapor chamber working fluid. However,
this dose can be effectively controlled by the spacing between the radioactive source
and the radiator. Previous Brayton cycle studies (Ref. 11) show that separations of
10 feet are adequate to limit the dose to the order of 100 Rad/yr gamma radiation and
1011 neutrons per cmz, These doses are not expected to represent a significant pro-

blem.

4.2.4 COMPATIBILITY OF CANDIDATE WORKING FLUIDS WITH ALUMINUM

The criteria for the selection of the best suited aluminum alloy to be used with the
vapor chamber is shown in Table 4-2. Aluminum is a very reactive metal. Ifs resis-
tance to corrosion and chemical attack is due to a thin film of aluminum oxide, Al 20 3’
which forms on the surface immediately upon exposure fo the atmospher. Such films
are normally 30 to 100 Angstroms thick. A potential difference exists across this

film because the metal is positive and the outer surface of the oxide is negative. This
potential difference is due to the great tendency for electrons to be transferred from
aluminum atoms to oxygen atoms, as indicated by the very negative free energy of
formation of Al 2O 3 that is, -150 kecal per gram-atom of oxygen. Once established,
this potential difference results in an extremely high electric intensity within the film
due to the fact that it is so thin. The electric intensity is, in fact, high enough to cause
migration of Al+3 ions through the film, making them available for reaction with oxygen

at the A1 20 3~ air interface. The film thus grows in thickness until the electric intensity

+
within it is no longer high enough to cause Al 3 ion migration.

The film may be increased in thickness by applying an external potential difference by
immersing the aluminum in an aqueous solution and making the aluminum the anode.
The thickness is directly proportional to the applied potential at a given temperature

and current density.
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TABLE 4-2. CRITERIA FOR SELECTION OF ALUMINUM ALLOYS

Chemical Compatibility With Working Fluid

- NO gas generation

~ Negligibie corrosion

- Working fluid selection is quite limited
Mechanical Strength o

- 50,000 hour life at 300 F

- 1% creep strength of at least 4, 000 psi

Weldability
- All commercial alloys considered weld-
able by tungsten-electrode, inert-gas
technique
- Leak tightness required
Availability
- Many alloys limited in small quantities

The Al 2O 3 film is not a simple structure. It consists of several layers. The layer
adjacent to the aluminum is composed of an amorphous alumina; the outer layer is
crystalline in nature. Furthermore, the film has a honeycomb structure composed of

adjacent pores with their axes perpendicular to the surface.

According to MacLennan, McMillan, and Greenblatt, (Ref. 10) the amorphous film ad-
jacent to the aluminum is the most protective layer, and the outer crystalline layer is
less resistant to attack; it is the rate of conversion of the amorphous form fo the crys-
talline form which controls the rate of corrosion. They also found that nickel and iron
alloying elements act cathodically and result in the formation of the amorphous barrier
film during the early stages of the process. This most protective layer reaches its
maximum resistance during the first 10 to 12 hours of exposure, and after this the
corrosion rate is controlled by the conversion of amorphous alumina to crystalline
alumina, a relatively slow process. During this early stage, the corrosion rates of
pure aluminum and the corrosion resistant alloys are essentially the same. After
this, the self-healing effects of the nickel and iron inclusions give the alloy a much

greater resistance to attack.
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The resistant alloys studied by MacLennan et. al. (Ref. 10) were two experimental
alloys developed by Atomic Energy of Canada, Ltd. The composition of these alloys

is given below:

Alloy % Ni % Fe % Si
10155 0.5 0.5 0.2
10157 2.0 0.5 0.2

Draley and Ruther (Ref. 11) found the same sort of protective behavior for an alloy pro-
duced by the addition of 1 percent nickel to the commercial pure aluminum, 1100. This
alloy is now known as X8001. These investigators also found that coupling pure alumi-
num (1100) with nickel markedly reduced the corrosion rate in high temperature water.
Small additions (50 ppm) of easily reducible cations, such as cobalt, cadmium, and
nickel to the water, also provided protection to corrosion by high temperature water

(57OOF). These metals are characterized by a low hydrogen over-voltage.

The water temperatures involved in the gbove investigations were above 5OOOF. In all
cases, it was noted that corrosion proceeded normally for the resultant alloys during
the first stages of exposure (12 to 24 hours), then decreased to very low rates. At the
much lower temperatures indicated for the vapor chamber radiator under considera-
tion, one may anticipate still lower corrosion rates and consequently much lower hydro-
gen production. Such alloys should therefore be investigated as possible materials of
construction. It is apparent that preconditioning with 3500F water for several days

before final closure of the tubes would be desirable.

The corrosion resistance of aluminum to materials other than water is generally very
good and has resulted in the use of aluminum in the handiing of many substances. Here
again, this reactive metal depends upon its alumina surface film for its resistance to
chemical attack, and any material which degrades or removes this film may result in

increased corrosion.
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Tiquids have been selected on the basis of their physical and thermal properties as
candidates for use in vapor chamber radiators. These liquids have been classified

as follows:

Inorganic Materials: water
ammonia
ammonia - water solutions

Alcohols: methyl alcohol
ethyl alcohol
isopropyl alcohol

Amine: pyridine

Aromatic Hydrocarbons: benzene
toluene
o-xylene

Alkanes: propane
n-butane
n-pentane
n-heptane
n-nonane

Halogenated Hydrocarbons: freon F-11
freon F-113

That water is thermally stable in the temperature range 20° to 3500F is well known,
and its corrosive behavior with aluminum at these temperatures has already been dis-
cussed. Regarding aqueous corrosion, it should also be pointed out that the use of
copper as an alloying agent with aluminum increases corrosion rates with water (Ref.
12). The presence of copper ions in solution has a similar effect (Ref. 12). Mercury

and mercury ions also promote corrosion (Ref. 12 and 13).
For the vapor chamber application, the production of non-condensable gases as a by-

product of corrosion is a serious problem. Aluminum alloy 6061-T6 was selected as

best meeting the criteria as established in Table 4-2. Experience at General Eleciric
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with 6061 aluminum alloy vapor chambers containing water as the working fluid indicated
that hydrogen evolution occcurred al temperatures above 25063', For short-term per-
formance testing, total time 30 hours, corrosion and therefore hydrogen evolufion

could be effectively minimized by addition of an inhibiting agent. Although this pro-
cedure proved to be suitable for these tests, it is evident that more basic corrosion
compatibilities will be required to provide the five-year life required for the proposed
application. Because this information is generally not available in the literature, basic
corrosion data, as it applies to the vapor chamber application, was generated by the

capsule testing described in Subsection 4. 4.

It is reported that anhydrous ammonia does not react with aluminum at temperatures
below that at which ammonia decomposes to produce nascent hydrogen (Ref. 12, 14 and
15). Aqueous ammonia, however, does attack aluminum and its alloys (Ref. 12 and 13).
According to Alcoa, the presence of iron or magnetic iron oxides can lead to pitting of
aluminum when used with anhydrous ammonia. Alcoa therefore recommends that such
materials be removed with a 10% HNO 3 rinse for 15 minutes followed hy a rinse with
distilled water to remove residual HNO 3" The aluminum should then be preconditioned
with 28 percent ammonium hydroxide for three to four hours until gas evolution ceases,

followed by careful washing with distilled water and drying.

Methanol and ethanol are both reported to corrode aluminum and aluminum alloys at
their boiling points when anhydrous (Ref. 16). However, the addition of a trace of water,
<0.2% by weight, greatly reduces the rate (<0.001 cu in./sq.in./yr). The rate for
n-propanol containing 0.2 percent water is 0.0001 cu in. /sq.in. /yr. The alcohols are
thermally stable at temperatures of BOOOF or higher. The mode of decomposition at

higher temperatures is dehydrogenation (Ref. 17).
It is reported that propane and n-butane do not attack aluminum (Ref. 12). However, it

is known that A1C1 3 catalyzes the conversion of straight-chain hydrocarbons to branched-

chain hydrocarbons; a trace of chloride could therefore result in the conversion of
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n-butane o iscbutane (Ref. 18). The alkanes are stable in the temperature range 20°

to 350" F.
The freouns indicated in the foregoing tables are all stable and non-corrosive in aluminum
within the indicated temperature range (Ref. 12, 14, 19 and 20). However, the water

vapor content should be maintained below 20 ppm (Ref. 13).

4.3 ANALYTICAL COMPARATIVE EVALUATION

4.3.1 ANALYTICAL MODEL OF VAPOR CHAMBER FIN

Although the major vapor chamber fin radiator design effort was performed at a later
time, a preliminary design of the radiator was developed in conjunction with the fluid
evaluation. The analytical model resulting from the concept illustrated in Figures 4-9
and 4-10, was helpful in comparing the performance characteristics of the various
fluids. Later designs stressed the more practical aspects of developing a reliable and

fabricable system.
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Figure 4-9, Vapor Chamber Radiator Panel
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Three major elements comprise the radiator; these are the primary radiator fluid duct,
the vapor chamber fins, and the conduction fins. The radiator arrangement is in the
form of a flat panel radiating to space from both sides. Heat rejected by the Brayton
cycle power conversion system is transported from a compact cooler fo the radiator
by a circulating primary radiator fluid loop employing Dow Corning 200 liquid. Heat
from this fluid is transmitted to the vapor chambers, which in turn transmit the heat to
conduction fins for final dissipation to space via thermal radiation. A typical vapor

chamber radiator thermal schematic is shown in Figure 4-11.
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Figure 4-11. Vapor Chamber Thermal Schematic

Two independent sets of primary radiator fluid ducts are incorporated into the design.
Either of these fluid ducts are capable of handling the full heat rejection load. The ducts
are rectangular in cross-section and run in parallel across the radiator panel. They

enclose the evaporator portion of the vapor chamber fins.
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Component parts of the vapor chamber are the evaporator section, vapor flow passage,
condenser section, and fluid return passage. The vapor chamber is a cylindrically
shaped pressure vessel, with one end buried in the primary radiator fluid duct, and the
axis of the vapor chamber running perpendicular to the direction of the primary radia-
tor fluid ducts. The evaporator, which is buried in the duct, is externally finned to
improve the heat transmission characteristics between the primary radiator fluid and
vapor chamber. A special wick design is used internally to provide desirable evapora-
tive heat transmission characteristics. Vapor flow is through the vapor chamber to the
locale for condensation. Capillary structures comprised of layers of metal cloth are

used on the condensate fluid return passage from the condenser to the evaporator.

The capillary wick structure is the major novelty of the vapor chamber fin concept. It
includes a single layer hexagonal screen in the condenser, or reflux section, and a num-
ber of multiple (three) layer wire cloth rings spaced at short intervals along the length
of the vapor generation, or evaporator, section of the vapor chamber. The outer layers
of these rings fit closely to the inside wall of the vapor chamber tube. Inserted inside
the inner layer are crimped extensions of the reflux screen which, in the manner indi-
cated, feed the refluxing liquid into the three-layer wire cloth rings. Liquid is fed
circumferentially through the inner two annular spaces of the three-layer ring structure
and evaporation takes place between the outer ring and the heated wall. Vapor escapes
into the center vapor chamber section through the spaces between the axially spaced

rings.

Certain radiator characteristics and design limits have been identified for use as a
basis for comparison of candidate vapor chamber working fluids; these include the

following:

1. MAXIMUM LENGTH OF A 1-INCH ID VAPOR CHAMBER-
Maximum length of a }-inch ID vapor chamber is determined by the capability
of the reflux and vapor generation capillary structures. (One-quarter-inch
diameter represents a practical minimum diameter for a vapor chamber. I
is shown later that minimum weight of the radiator is attained with minimum
diameter vapor chambers.)
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VAPOR PHASE PRESSURE DROP-

Vapor phase pressure drop in a 4-foot long, %-inch diameter vapor chamber
as determined by heating the middlie of the tube. (Such a chamber length re-
presents a reasonable upper limit design selection for an actual radiator.
Chambers of substantially longer length are not desirable from considerations
of Dow Corning fluid duct and chamber design as well as from considerations
of individual vapor chamber vulnerable area and resulting meteorite armor
weight. )

VAPOR GENERATION TEMPERATURE DROP AND HEAT FLUX RATIO-
The vapor generation temperature drop and ratio of heat flux to critical
heat flux. (This measurement has been based upon a constant vapor gen-
eration length in the vapor chambers, which represents a reasonable com-
promise between vapor chamber temperature drop and the vulnerable area
and weight of the Dow Corning duct structure.)

VAPOR CHAMBER CONDENSING TEMPERATURE DROP-

The vapor chamber condensing temperature drop measurement is made across
the condensing interface. (This measurement is based on a condensing surface
heat flux which is constant at a given chamber operating temperature level for

all working fluids. )

The thermodynamic and fluid flow equations and their development for making these

comparisons, presented in the subsequent subsections, are based on the following steps:

3.

The conduction fin length is optimized for a particular vapor chamber fin dia-
meter, tube weight per unit length, and temperature level. After the conduc-
tion fin length is determined, the total heat transfer per unit length of vapor
chamber fin can be calculated for a given temperature level.

Capillary flow pressure drop calculations are made for a particular vapor chamber
fin tube diameter, length, total heat transfer, and set of fluid properties.

Calculations are made of maximum vaporization surface net pumping heat cap-
ability for a given set of fluid properties, a given ratio of vaporization capil-
lary feed length to width ratio (L/W), and an optimum spacing between layers

of the vaporization surface capiliary.

The limiting value of L./W is determined as a function of fluid properties and
length and diameter of vapor chamber.

The vapor phase pressure drop in the vapor chamber is calculated.
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6. Approximate calculations are made of vaporization surface AT and ratio of
design heat flux to eritical heat flux.

7. Approximate caleulations are made of condensation surface AT.

4,3.1.1 Conduction Fin Analysis

The effectiveness nf of a radiation cooled conduction fin is a function of a radiation

modulus \ and the temperature ratio of TS/ T (Ref. 21), where

>
Il

2,.3
20e4” T (4-14)
K ¢t

4 = fin length, ft

o = Stefan Boltzmann constant, o
0.173 x 10”8 Btu/sq. ft.hr ('R)

e = radiating surface emissivity
T < fin base temperature, R

= fin therma‘}) conductivity,
Btu/hr-ft- F

t = fin thickness, ft

T = radiation sink temperature, OR

The relationship between A , e, and TS/ T is plotted in Figure 4-12. If a value of n is

selected, N\ may be determined. For the present purposes, n, has been chosen 0.9,

which yields A = 0.1 for essentially the entire range of TS/ T (see Figure 4~10).

The following parameter describes the conduction fin performance characteristics:

2 Q +Q
QW = FIN TUBE (4-15)

-}
2 WFIN WTUBE

where @ = total heat radiated to space by the vapor chamber tubes with conduction
fins per unif length of vapor chamber tube

and W = combined weight of vapor chamber tube plus conduction fin per unit length
of vapor chamber tube
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The heat rejection and weights of the conduction fin and vapor chamber are as follows:

a 4 4

Qppe = 204 (T - T) (4-16)
= 4t -

W P (4-17)

Wheret=2cre>\2T3

A K

and p = fin and tube material density
= 2.5D o e (T - T " 4-18
QruBEe PD o e s ) (4-18)

where D = vapor chamber tube diameter
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The 2.5 factor includes a view factor between the tube and space (Ref. 22).

W = 17D ¢t p

TUBE se {4-19)
where t = effective tube thickness with allowance for wicks and working fluid
S inventory.

Combining Equations (4-15) through (4-19) yields the following:

4 4 4 4
Q/W =4 o e & (T —Ts)nf+2.5D0'e(T —TS)
T33
4 o e oZp+1‘rDtsep
K A

(4-20)

For optimum conduction fin length £, Q/W is a maximum. Differentiating Equation

(4-20) with respect to £ yields the following:

2
d@Q/w) =0 = 8o & p 3 . 7.5pDoe J)
dsg K X\ Kan
K.

(4-21)

This cubic equation must be solved to determine the optimum value of £. When Zis
known, the total vapor chamber heat transfer QT per unit 1ength,;( can be determined.

The result is as follows:

4 4 4 4
=44 - + 2 - -
QT(Jf opt. (T T ) m + 2.5Doe (T T ) (4-22)

Using Equation (4-20) the parameter Q/W for the vapor chamber fin element can be
calculated. ForXZ =4 ft, the total vapor chamber fin heat transfer (QT) has been calcu-
lated using Equation (4-22), substituting values of £ obtained for solution of Equation
(4-21). These values are plotted in Figure 4-13. Q/W for Equation (4-20) is plotted

in Figure 4-14, and t and £ for Equations {4-17) aild (4-20) are plotted in Figures

4-15 and 4-16.

62



450

400

w
o
<

300

250

n
[=]
©

Vapor Chamber Heat Transfer Rate (Qp), Btu/fr.
&
(=]

100

50

I | | |

50 75

100 125 150 175
Fin Base Temperature, OF

200

225

250

Figure 4-13. Heat Transfer Rate vs Temperature of A

4000

(3
a
=)
=1

3000

2500

2000

1500

1000

o
=)
=3

FEAT RADIATED PER UNIT RADIATOR MASS (Q/W), BIU/HR/LB

Single Vapor Chamber

T 1 T T T

SINK TEMPERATURE (T¢) = 450°R

FIN BASE TEMPERATURE (T), R

550

500

| J ] 1 |

0.k 0.6
VAPOR CHAMBER TUBE DIAMETER (D), in.

Figure 4-14. Vapor Chamber Heat Radiated

Per Unit Radiator Mass

275

300

63




sanjeroduwe L PUE x919WRId agqn.L
A !

QN GARAWOL pirE 30300EId _ .
1aquip) #odeh &4 pSuaT U ofonpucy gp-p omdd AP rodup SA sSOWOTLL UL UOTOPUOD St
wgr €(Q) VELIVIQ AL oo H0dVA ogr ¢() SAZBVIC qE0T HTEHVED ¥0ZVA
2’0 80 90 770 -

10
m.

80

64



4.3.1.2 Reflux Capillary Analysis
The reflux capillary is the liguid condensate refurn passage for the vapor chamber,

The pressure drop, generated in the reflux capillary, which must be overcome by the

evaporator capillary pump pressure rise is given by the following equation:

ap _ , f PpV 48w,V
d« =~ D 2 g 2
h c Dh g,
where P = liquid pressure
x = liquid passage length
f = laminar flow friction factor 24w 4
D
n VP
Dh = reflux passage hydraulic diameter 0.13 D
D = vapor chamber tube diameter
V = flow velocity
P, = liquid density
M}Z = liquid viscosity
g, = force/mass conversion factor 1bm ft
1b, sec

f
The liquid velocity can be expressed as the following function of location along the vapor

chamber:
V=V (- X/€) (4-23)

where &€ = vapor chamber length

At the evaporator end of the vapor chamber, the liquid velocity is a maximum, and it is

as follows:
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where: AXT = liguid flow cross section = 0.14 DZ

A = fluid heat of vaporization

Total pressure drop over the 1ength¢f is given by

¢ 2afn Q
- dp _ 27T
P = 6[ ) dx = - (4-25)

2
Dy 8chxrf st
The reflux passage friction head is,

_/
™ S (4-26)

p 2 2 X
4 Dh gc%(Lpﬁ

4.3.1.3 Evaporator Capillary Analysis

The evaporator capillary pump structure used in the evaluation consists of a series of
three layer wire cloth rings, which are spaced at short intervals along the axis of the
heated portion of the vapor chamber tube. In practice, the layers of these rings are
spot-welded together and to the tube by a central circumferential row of spot welds,
thus forming wedge shaped feeding spaces between the layers, and between the outer
layer and the tube wall. For simplicity in this comparative analysis, it is assumed
that a constant spacing y is maintained between the layers and also between the outer
layer and the heated vapor chamber wall., Vaporization is assumed to occur in the
space between the outer layer and the heated wall, and a curved liquid-vapor interface
surface of radius y/2 is assumed to exist in this space. Surface tension on thic curved

interface maintains a pressure difference (capillary pumping pressure rise) of

2 o cos 6
S

across the interface, where oy s the liquid surface tension and 6 is the wetting contact

angle. The two interlayer spaces are used for feeding liquid circumferentially from
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the points of contact (six in number) between the reflux capillary liquid flow spaces and
the vaporization rings. Movement of liquid from the reflux capillaries info the ring
feed spaces and from the ring feed spaces into the vaporization space occurs by radial
flow through the wire cloth. The effective pumping length along feed capillaries of
interlayer spacing y is designated by L.

The frictional pressure drop in the feed length L is given by

ap 4 VP (4-27)

ds 4yg,

since the hydraulic diameter of the feed channel is 2 y.

The friction factor for laminar flow is _ 24 u 2
2y Vop 2
Thus,
a» _ ~12uzv (4-28)
ds 2
gc

If the average vaporization surface heat flux is F and the axial width of the fotal ring

AV
surface is W,

= A -
F o LV = 2Wyo, V, (4-29)

since there are three layers and two feed spaces superimposed in the vaporization space.
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V=V (- /1)

-12p FooL (- £/1)

AV

3
2y 8, ozi\

2|2
=g

Integrating from £ = 0 to 4 =1, the total vaporization capillary pressure drop over the

length L is

P = 2 Fav (4-30)

Apva adds to the reflux capillary pressure drop. The sum of the reflux and vapor
passage pressure drops must be overcome by the capillary pumping pressure rise
across the interface meniscus. (This assumes that the vapor phase pressure change
is negligible compared to the liquid phase changes - an assumption which is justified
by subsequent calculations.) Both APva and the capillary pumping pressure rise de-
pend on the spacing y. One way of determining the optimum value of y for a given
L is to assume a ratio r between the reflux capillary pressure drop and the inter-

facial pressure rise:

2 o cos @
h 4
r 5 = pz o (4-31)
0
AP - 2 O‘S cos _ pﬁho - 1-1 oh (4-32)
va 4o
v T
2 o _cosé®
y = S
P, h0 substituting (4-32) into (4-30)
2 2 3
o o3 Mlavt P P 1-x o (4-33)
va 8 3 _3 3 r
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solving (4-33) for hOZ

3 3 2
2 8@8 gCXCos 6 r (1-1)

2
S Fay TPy

(4-34})

Equation (4~34) shows that hO is zero for r =0 and for r =1. For optimum v, ho is a

maximum.
3 3
d (}102) 8 o, 8 Acos 6 5
— = 0 = 2r - 31" (4-35)
dr sp. Fo_ 12,
L AV L
from which r = 2/3 (4-36)
substituting r = 2/3 in equation (4-34)
. R 0.5
h = 0.63 |% B8 s © (4-37)
0 max 9
g I L™ ¢

L AV
L

Since the reflux liquid stream, corresponding to QT, the total vapor chamber heat trans-

fer, is fed te the vaporization ring structure at six points.

Q

- T -
Fav ™ 76w (4-38)
substituting (4-38) into (4-37)
0.5
3 A cos3 6
h = 1.54 s ° &, (4-39)
0 max ML QT p 2 J L

By equating expressions (4-26) and (4-39) for ho’ an equation for the limiting (maximum)

value of L in terms of the reflux capillary geometry, fotal vapor chamber heat trans-
(W
fer Q T and fluid properties can be obtained:
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r 5 ‘? 0.5

24 HL QT‘ i i | oo ;C‘,\ cos O W
hO = 5 5 = 1.54 T (E—)

Dy 8, Axp Py 2 LT L

Solving this equation for L/W yields:
. 3 4 2
L = 00013 g? 0y c0s 0 ey ) Dp o Axp (4-40)
W c ——
boQ 2

T

For liquids making a wetting contact with a wire cloth surface, the value of 6 is essen-
tially zero, since there is a liquid film attached to the individual wire surfaces. In

this respect a wire cloth surface differs from, say, a sheet metal surface.

Equation (4-40) provides the basis for comparing alternate working fluids with respect
to liguid refluxing performance. For different fluids at a given temperature level with
fixed geometry, the cuantities g QT, Dh’ AXL and are constant, leaving the ex-

pression Gs " z)\ /i ’ to account for the effect of fluid properties. Desired, with refer-

ence to fluid selection, for a given geometry and total heat transfer QT’ is the largest
possible limiting value of L/W. In order for a vapor chamber to operate at the stated
QT
Equation (4-40). A positive difference between the value given by Equation (4-40) and

, the physical value of L/W must be at least as large as the limiting value given by

the physical value represents a safety margin of excess of performance capability over
the requirement. Alternatively, for an arbitrarily selected QT, tube diameter and limit-
ing value of L/W, the maximum permissible length Z can be determined for various
working fluids; or for a given fluid, QT’ limiting L/W, and specified length, the mini-

mum operable tube diameter can be found.
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4.3.1.4 Evaporative Temperature Drop

A major factor in the determination of required radiator area is the magnitude of the
temperature drop between the Dow Corning 200 fluid and the radiating surface. This

overall temperature drop has three principal components (reference Figure 4-11):

1. Convection-conduction temperature drop befween the DC-200 fluid and the
vapor chamber tube heated surface.

2. Evaporative surface temperature drop.

3. 'The condensing surface temperature drop.

A fourth possible temperature drop is between the evaporative and condensing surfaces
of the vapor chamber. However, for all cases of interest in this analysis, this drop is
negligible. The radiation cooled conduction fin temperature drop has already been

accounted for by assigning a fixed value to the conduction fin effectiveness.

In order to estimate the temperature drop across the liquid film at the heat input sec-
tion, it is necessary to know the thickness of the liquid layer and the mechanism for
energy transfer. The mass transfer in a heat pipe is generally believed to be evapo-
rative as distinguished from boiling. In fact, if the fluid in the entire heat input section
were boiling, it is impossible to formulate a model in which the capillary forces draw
the fluid to the interior portions of the evaporator. The onset of boiling for any parti-
cular fluid, however, is not easily predictable since it is controlled by the surface
conditions of the container as well as temperature sensitive fluid properties. The

presence of a fine pore wick further complicates the analytical model.

Over the expected radiator design evaporator heat fluxes it is probable that the mass
transfer is due to a combination of local nucleate boiling and evaporation. This view
was later supported by the experimental test data as explained in Subsection 6.5. In
order to examine the vapor chamber fin radiator in its most favorable light, it was
assumed that the evaporator AT could be predicted by a pool boiling heat transfer cor-

relation.
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The data correlation of Cichelli and Bonilla is used (Ref. 8). In this correlation, the
ratio of critical heat flux to critical pressure is plotfed against the reduced pressure
P/PC (Figure 4-8). Also, the evaporative surface AT at the critical flux is plotted
against the reduced pressure. The ratio of critical heat flux to critical pressure peaks
at a reduced pressure of approximately 1/3 and falls off to zero at reduced pressures of
zero and 1. The critical AT is very high (over 1000F) at values of P/PC near zero,
falls rapidly for reduced pressures between 0 and 1 and then falls less rapidly to zero
at a reduced pressure of 1. At particular vapor chamber operating temperatures, the
reduced pressure and critical flux was determined. From the selected fin geometry
and QT, the vapor chamber evaporative flux was calculated. The cube root of the ratio
of design flux to critical flux was taken and this factor multiplied by the critical AT to
get the estimated operating AT. This follows from Reference 8 which states that q/A

is proportional to a power of AT ranging from three to four. By using the value 3 the
most optimistic estimate of AT is obtained. The assumption is made that the laws
governing critical heat flux and AT are similar in the case of the vapor chamber to the
case of pool boiling. This assumption should he adequate to compare fluids, although
it is entirely not accurate. In Figure 4-17, design levels of vapor chamber evaporative

flux are plotted against temperature. This held for all working fluids,

4.3.1.5 Condensing Temperature Drop

The condensing surface temperature drop is calculated as the temperature difference
required to transfer the condensing heat flux across the mean radial thickness of the

reflux capillary passage through the condensate layer by conduction.

4.3.1.6 Vapor Phase Pressure Drop

Using the vapor density and viscosity, the vapor chamber cross sectional area for vapor
flow, and the vapor chamber mass flow required to support the heat transfer QT, the
vapor velocity and Reynolds number were calculated as a function of distance down the
condensing section of the vapor chamber tube. In the turbulent range of Reynolds num-

bers an average friction factor was used, and the pressure drop calculated assuming a
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linearly varying velocity and constant friction factor. In the laminar range, the
Poiseville pressure drop formula was used. In all cases, using the assumed design
conditions, the vapor phase pressure drop was very low, in fact, for practical pur-

poses, negligible.
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Figure 4-17. Individual Vapor Fin Evaporation Surface
Thermal Flux vs Temperature

4.3.2 COMPARISON OF VAPOR CHAMBER PERFORMANCE USING CANDIDATE
WORKING FLUIDS

A summary of results of a comparison of the refluxing and vapor chamber total tem-
perature drop performance for candidate working fluids is shown in Tables 4-3, 4-4,

4-5 and 4-6. Comparison parameters listed are the following:
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1 Tt
TABLE 4-3. VAPOR CHAMBER PERFORMANCE PARAMETERS FOR CANDIDATE "HIGH TEMPERATURE
WORKING FLUIDS (AT 250°F TEMP.)
'd di AP
Max. Length Req'd dia. of v ATV ATC
in, dia. 4 ft. .
Fluid of 1/4 in. dia ft( Vapor Chamber pv (q/A)D Evaporative Condensing Remarks
Vapor Chamber {1/4 in. assumed to be a . . p/P —
(LW = 1) ractical minimum) (For 1/4 in. dia. (q/A)c Temperature Temperature
B P 4 ft. long Vapor Chamber Drop Drop
Methyl Alcohol 10,2 ft 1/4 in. Negligible 0.08 0.22 28°F 17°F Refluxing performance excellent:
vapor flow OK, moderatelv high
vapor fin pT; good margin on
critical evaporative flux
Ethyl Alcohol 7.51t 0.07 0.29 34°F 19°F Similar to methyl alcohol cxcept
vapor chamber AT higher.
n-Pentane 5.3 ft 0.30 0.38 25°F 27°F Similar to ethyl alcohol
Benzene 5.7 ft 0.06 0.39 40°F 27°F Similar to ethyl alcohol except for
high vapor chamber AT
n-Heptane 4.1 1t 0.07 0.70 4G°F 240F Similar to benzene except evapora-
! tive flux margin is minimal.
i Pyridine (CP~32) 6.2 ft 0.02 0.43 54°F 22°F Similar to benzene but higher vapor
chamber AT.
Toluene 6.0 ft 0.03 0.52 52°F 32°F Similar to pyridine — very high
vapor chamber AT.
o-Xylene 5.7 1t 0.015 0.63 60°F 33%F Similar to toluene but tower vapor
pressure and higher vapor cham-
ber AT.
Water 40.6 ft 0.009 0.14 230F 5F By far the best on all counts.
| However, stainless steel tube
! liner is required. This results
in approx. 3% radiator wt, penalty
over hest alternative organic fluid.
Isopropy} Alcohol 3.4 1t .3 in. 0.06 0.35 38°F 24°F High liquid viscosity results in
poor refluxing performance.
n-Nonane 4.1 ft 1/4 in. . 003 0.017 1.0 77°F 32°F No margin on evaporative flux and
also very high vapor chamber AT,
Anisole 5.3 4t .007 0.009 1.0 85°F 22°F Similar to n-nonane.
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TABLE 4-5. VAPOR CHAMBER PERFORMANCE PARAMETERS FOR ALTERNATE "LOW TEMPERATURE"
WORKING FLUIDS (AT 150°F TEMP.)
) AP
Max. Length Req'd dia. of v A’I‘v ATC
. of 1/4 in. dia. 4 ft. Vapor Chamber P @/A) . . N
Fluid Vapor Chamber (1/4 in. assumed to be a F 1/4", di P/P T—Q ?vapornht:e TCondensmg Remarks
L/W -1 practical minimum) (For in. dia. c {q )C emperature emperature
( 4 ft. long Vapor Chamber) Drop ©F) Drop OF)
Ammonia 10,3 ft. 1/4 in. Negligible 0.263 0.07 14 5 Best low temperature fluid. Most
important point of superiority is
the vapor chamber heat transfer AT,
Freon 11 5.4 ft. 1/4 in. Negligible 0.08 0.23 30 21
Freon 113 7.1 ft. 1/4 in. Negligible 0.05 0.32 39 27
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TABLE 4-6. VAPOR CHAMBER PERFORMANCE PARAMETERS FOR ALTERNATE "LOW TEMPERATURE"
WORKING FLUIDS (AT 40°F TEMP.)
‘I Max. Length Req'd dia. of Py T, AT,
! Fluid \;’:pi/: Cu}:arg::er a /i fltn :Zgz;g:znz ra Pv P/P (q/A)D Evaporative Condensing Remarks
| @ = 1) ract"cal mingraum) (For 1/4 in. dia. c Q/A) Temperature Temperature
] - practt m 4 ft. long Vapor Chamber) ¢ Prop CF) Drop (F)
'} Ammonia 43.2 ft. 1/4 in. Negligible 0.04 0.034 20 1.4 Same relative advantages as at
! 1500F.
J Freon 11 16.3 ft. 1/4 in. Negligible 0,011 0.12 33 3
Freon 113 10.9 1/4 in. Negligible 0.0035 0.16 37 4
i i




1. Maximum Length of a ~inch Diameter Vapor Chamber Which Will Provide a
Reflux Parameter L/W (see Equation 4-40) of Greater Than One., The value
1 is a "safe' design value, inherently providing margin for vapor chamber
overloading due to adjacent chamber failure, and also for departure of the
interlayer clearances and other details of the vaporization surface capillary
structure from the assumed optimum geometry.

2. Required Diameter of a 4-foot Long Vapor Chamber Heated at the Middle.
This is believed to be a parameter of greater practical significance that
(a) above, because various design considerations, mentioned above, indi-
cate that the vapor chamber length in an optimized radiator panel will be
of the order of 4 feet or less.

3. Percentage of Vapor Phase Pressure Drop Along The Vapor Chamber Length-
These calculations apply to a 4-foot long, Z-inch diameter vapor chamber
heated in the middle.

4, Reduced pressure P/P . This parameter is important because it governs
the limiting peak thermal flux attainable and also the AT at the limiting flux,
and thereby strongly influences the AT at the design flux. It is desirable for
maximum margin on thermal flux and minimum vaporization AT that P/Pc be
above 0.1 and below 0.7 (0. 33.is optimum).

5. Ratio of Design Evaporative Thermal Flux to Limiting Critical Thermal Flux-
This is an index of the degree of margin for overloading the vapor chamber as
a result of failure of an adjacent chamber. A margin of 100 percent is
desirable.

6. Evaporative Temperature Drop.

7. Condensing Temperature Drop.

Table 4-3 and 4-4 includes fluids appropriate for the high temperature end of the radia-
tor (3500F to 15OOF). Table 4-5 includes fluids suited for use in the low temperature
end of the radiator (1 SOOF to ZOOF). A graphical comparison of the evaporative and
condensing temperature losses obtained with each candidate working fluid is shown in
Figures 4-18 and 4-19. Of the high temperature fluids indicated, water is eminently
superior in all respects. The evaporative AT for water was determined. The AT of
water is not governed by the correlation used to estimate AT in the organic fluids.

Next to water comes the aleohols, methanol and ethanol followed closely by the
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hydrocarbon n-pentane. Pentane seems {o be superior to other hydrocarbons because
of the favorable value of P/ PC which reduces the evaporative AT. Of the low tempera~
ture fluids compared, ammonia is markedly superior to the freons. This is due to its
lower evaporative AT resulting from a relatively favorable value of P/ Pc and also fo
its comparatively high liquid phase thermal conductivity. Ammonia also has refluxing
superiority but the refluxing performance of freons 11 and 113 is good enough that this
difference is probably not of much practical significance for design. A comparison of
the maximum condenser length obtainable within safety limits for the candidate working
fluids is shown in Figure 4-20. Ammonia and water are clearly superior to other

fluids indicating excellent refluxing potential for the temperature range specified.
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4.8.2.1 Comparative Procedure

In order to further evaluate the design significance of the differences identified in
Tables 4-3 to 4-8 between glternate working fluids, approximate calculgtions of radig-

tor areas and weights have been carried out. The procedure for doing this is outlined

as follows:

1. Following the method discussed above for conduction fin optimization, vapor
chamber-conduction fin element dimensions were determined for a range of
operating temperatures and for a range of vapor chamber wall thicknesses.
Corresponding values of total vapor chamber heat transfer per unit length and
of the parameter Q/W were determineda
Q - Heat transfer per unit length
W  Weight of vapor chamber - conduction fin element per unit length
For i-inch vapor chamber tubes having several wall thicknesses Q/W is plotted
against temperature on Figure 4-21.
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Figure 4-21. Effect of Tube Wall Thickness and Temperature on Vapor Chamber
Fin Heat Radigted Per Unit Radiator Mass
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Using the radiator configuration shown in Figures 4-9 and 4-10 as a basis,
various numbers, sizes, and proportions of Dow Corning fluid ducts were
investigated with consideration for the following factors:

a. Fin area, fin spacing, fin effectiveness (thickness and size) of fins re-
quired in Dow Corning fluid duct

b. Pressure drop in Dow Corning duct flow

¢. Vulnerable area of Dow Corning fluid ducts

d. Vulnerable area of individual vapor chamber tubes

e. Thermal flux level on heat input section of vapor chamber tubes

f. Length of heat input section of vapor chamber, considering requirement
for two independent Dow Corning duct systems.

As a result of these investigations the following generalizations were reached
for establishing comparative designs:

a. Five Dow Corning fluid ducts (or, actually duct pairs) are used on all
radiator panels, these being located at the centers of five end-to-end
vapor chambers each approximately four feet long extending across the
width of the panel (Figure 4-9).

b. Each duct is 1-inch wide by 3/4-inch deep. The two ducts of each pair
are side by side with a common partition wall.

c. Four-foot long vapor chambers are i-inch in diameter. Longer vapor
chambers result in thicker required armor on the vapor chambers and
save very little vulnerable area of Dow Corning ducts.

d. Spacing of the vapor chambers in the direction of the ducts is variable in
accordance with the requirements of maximum Q/W for the vapor cham-
ber - conduction fin element (see Figure 4-186).

e. The correlation of Equation (4-41) below was used to establish meteoroid
armor thicknesses on the Dow Corning fluid ducts and on the vapor
chambers.



. . 0.4 i ar |02 (4-41)
a p,1/6 El/s - 1in Poj

ta = armor thickness (inches)

Py = density of vulnerable material (lbs/inS)

E = Young's modulus of vulnerable material (psi)

A = vulnerable area (ftz)
T = time (hours)

P = probability of no puncture

Individual no puncture probability of the Dow Corning fluid ducts was
selected at 0.9 which corresponds to a probability of 0.99 for survival
of at least one duct in the paired duct system.

The initial value of the individual no puncture probability of the vapor
chambers was selected at 0.75. This corresponds closely to a 0.99 prob-
ability that 72 percent of the vapor chambers will survive. This value
was later changed to 0.85. (Punctured chambers retain partial effective-
ness as conducting fins.)

Weight of the radiating surface was calculated by using incremental areas
of the radiator as weighting factors to be applied to the calculated values
of Q/W for various temperature levels in order to obtain a mean effective
value of Q/W for the entire radiator. The radiator area, (both on an in-
cremental basis to get weighting factors for average Q/W calculation, and
on an overall basis was calculated from Equation (4-42).

w C

(Ty = T) (T, + T)

1 0 { H _
A== 1/2 1n
nf 2 TS3 €C (TH * Ts) (Tc Ts)
T T
-1 H -1 c (4~42)
tan (—’-—TS) + tan (TS ) }
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where A = rvadiaftor area

ni, = mean effectiveness of the radiating surigce

w = Dow Corning fluid weight flow

Cp = PDow Corning fluid specific heat

Ts = Radiation sink temperature

TH = Radiating surface temp. at high temp. end of radiator
Tc = Radiating surface temp. at low temp. end of radiator
e = emmissivity

Q
1l

Stephen Boltzmann constant

i. Weight penalty to be applied to the water tube liner portion of a water-
ammonia radiator was calculated on the basis of using a 0.010-inch thick
stainless steel tube inside of aluminum meteoroid armor. Armor value
of the steel tube was allowed for.

4.3.2.2 Allowance for Punctured Vapor Chambers

Depending upon the vapor chamber wall thickness and the vulnerable area of each tube,
there is a definite survival probability for an individual vapor chamber. This relation-
ship is given by Equation (4-41) above. For a given wall thickness, the survival prob-
ability of the individual tube increases as the vulnerable area decreases. This fact re~
presents the reason for limiting the length of the vapor chambers, in some cases, sub-
stantially below values permitted by refluxing performance (see Tables 4-3 to 4-6). I
there is a large number of vapor chambers, the probability that a specified fraction of
these will survive is related to the number of chambers and to the probability that one
individual tube in the large group will survive. For a particular number of chamber
units (1000), the relationship between survival fraction and individual tube survival
probability for a stated probabilify of achieving the survival fraction is summarized in
Figure 4-22. 'This relationship holds closely for any large number of units, such as

1000 ox more. TFrom Figure 4-23 it can be determined that if the individual vapor
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chamber survival probability is 0.75, 72 percent of the vapor chambers in the entire
radiator (a number larger than 1000 tubes) can be expected to survive with a prob-
ability of 0.99. The puncture of 28 percent of the vapor chambers does not result in
a loss of 28 percent of the radiator capacity. The reason for this is that the vapor
chamber elements are short enough in lateral dimension, that punctured tubes lying
between unpunctured tubes have g significant conduction fin effectiveness, thus in-
creasing the effective length of the conduction fins attached fo the surviving vapor
chambers. A margin of refluxing and evaporative surface thermal flux performance
adequate to handle a 100 percent overload has been purposely provided to take care of
vapor chamber overloading resulting from puncturing of adjacent tubes. The heat
transfer area provided by the fins in the primary fluid duct are also designed to accom-~

modate a higher heat load per vapor chamber.

In order to calculate the effectiveness of the portion of the radiator represented by the
28 percent punctured vapor chambers, it is necessary to determine the probable dis-
tribution of the punctures in the radiator vapor chambers. The probability of a punc-

ture pattern involving K filled tubes in a row is given by:

PK=§XN—SXN~S—1XN—S-2 N-§+1-K (5-1)
N N -1 N - 2 N-3 e (N-K) N-K-1
(4-43)
where N = total number of vapor chambers
S = number of tubes surviving (unpunctured)

The probable number of such failures is given by

NK = NP (This equation is an approximation which has been verified
by detailed calculations to be slightly conservative.)

The probability of multiple tube failures has been illustrated for a typical radiator
where N = 1300 and the tubes are i-inch diameter and are approximately 4 feet long.

For five years, 0.75 probability of survival, approximately 0.040-inch aluminum tube
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thickness is requived, or, for the case of a water vapor chamber, 0.010~inch stainless
steel plus 0.025~inch aluminum (Equation 4-42). From Figure 4-23, a 72 percent sur-
vival fraction can be achieved with a probability of 0.99 if the individual vapor chamber

survival probability is 0.75. Therefore:

N = 1300 tubes
S = 0.72x1300 = 940 tubes
N-S8 = 360 = max. no. failed
P (940)  (939)  (360)
= = .145
! (1300) (1299) (1298) 0.1
N 1 = 1300 x 0.145 = 188 failures involving 1 punctured tube bracketed by
by two good tubes.
Nz - 188 8288 : 9? : ;% = 52 failures involving two punc-
tured tubes in series.
N3 - 92 _é_?’z_g_z_L = 14 failures involving three punctured tubes
) in series.
85 I T T
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a0 b Specified Survival Fraction d

0.99
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Figure 4-23. Correlation of Individual Vapor Chamber Survival Probability Required
to Achieve Fixed Overall Radiator Success Probability Against Vapor Chamber Survi-
val Fraction
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From Figure 4-24 it can be determined that, if n, = 0.9 for the basic radiator sur-

face with no punctured tubes, the radiating surfa(fe effectiveness for the portion of the
radiator involving one tube failure bracketed by two good tubes is approximately 0. 70;
the effectiveness for the portion with two failed tubes in series is 0.55; and the effec-
tiveness of the portion with three failed tubes in series is 0.4. Using these numbers,
and neglecting the portion of the radiator involving more than three failures in series,
the resultant effectiveness of the 28 percent of the radiator involving punctured tubes

can he calculated as follows:

€ - 188(0.70) + 52 x 2 (0.55) + 14 x 3 (0.4)
360

= 0,57

Therefore, the excess area required to compensate for the 28 percent punctured tubes

can be estimated as follows:

Area Initially Provided - 1
Effective Area at End of Mission 0.72 + 0.57 x 0.28

= 1.14

Thus, 14 percent excess area is required to compensate for the loss of 28 percent of

the vapor chambers. This factor has been used in the preparation of Table 4-7.

4.3.2.3 Results of Comparative Radiator Calculations

In Table 4~7 is shown a summary of the results of the approximate radiator design cal-
culations. Eight possible working fluid combinations have been compared. Other com-
binations are possible but all of these are either very similar in characteristics to one
or another of the indicated combinations, or are markedly inferior to any shown. Simi-
lar, but slightly inferior to methanol as a high temperature fluid, is ethanol. Similar,

but inferior to benzene are n-heptane and pyridine. Similar but inferior to toluene is
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o-xylene. Isopropyl alcohol, n-nonane, and anisole are markedly inferior high tem-
perature fluids for reasons indicated in Table 4-3. Freon 113 is similar but inferior

to Freon 11 as a low temperature working fluid.

The use of water and ammonia is approximately 4 percent heavier than the most attrac-
tive alternative, methanol and ammonia. If is only 2.5 percent heavier than n-pentane
and ammonia, which may be the closest feasible alternative, because of anticipated cor-
rosion problems with methanol and ethanol. Also, the combination, using a stainless
steel tube inside the enclosing aluminum fin structure must be seriously considered as
a preferred choice. On the basis of available data, it may be said that the heat trans-
fer performance of this combination can be predicted from present knowledge with

greater certainty than that of any of the other combinations.
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Conclugions which can be drawn from the data summavized in Tables 4-3 to 4~6 are the

following:

From the standpoint of calculated performance as vapor chamber working

fluids and of calculated radiator weight and area a number of possible working
fluids for the high temperature (150°F to 350°F) end of the Brayton cycle radia-
tor have been identified. These are, listed in order of preference (based on
calculated performance, without regard to possible chemical stability and inter-
action problems) the following:

Methanol (Methyl Alcohol)
Ethanol (Ethyl Alcohol)
n-Pentane

Water

Benzene

Isopropanol

n-Heptane

Pyridine

Toluene

0-Xylene

Anisole

n-Nonane

Similarly, the following low temperature (ZOOF - 1500F) vapor chamber radia-
tor working fluids have been identified. These are, in order of preference:

Ammonia
Freon 11
Freon 113

The principal criterion which has been found to be of major significane in the
comparative evaluation of vapor chamber radiator working fluids is the sum of
the evaporative and condensing temperature drops within the vapor chamber.
The exception to this is found in the case of water. The weight penalfy assigned
to water results from the known need for a stainless steel tube liner. This
represents a fabrication difficulaty as well as a small (4%) weight penalfy.

Final selection of working fluid combinations to be used in a test vapor cham-
were based on the results of the above calculations and the reflux capsule
tests. These tests discussed in Section 4.4 define the all important question
of the existence of chemical stability and compatibility with the containment
material.




4.4 TESTS FOR COMPATIBILITY OF MATERIALS

4.4.1 TECHNICAL APPROACH

The objective of the materials compatibility test program was to determine the exist~
ence and quantity of any noncondensable gas formed when the working fluid of the vapor
chamber fin was in direct contact with the wicking and structural containment materials
within the expected operating temperature rang}e. Noncondensable gas, if formed,
would arise from either a corrosion or a thermal degradation type reaction. Since non-
condensable gas is detrimental to the operating performance of the vapor chamber fin,
the lack of any measurable gas generation provided reasonable acceptability of the
materials combination. If a measurable rate of gas formation was detected, the feasi-

bility of the materials combination was in doubt.

Structural containment materials considered for the vapor chamber fin were restricted
to alloys of aluminum. In particular, the aluminum alloy 6061-T6 was selected as the
structural material on the basis of its strength, fabricability, corrosion resistance,
stability, and availability in the required shapes and sizes. Commercial purity alum-
inum (99% Al-designation 1100) was selected as the wicking material for the vapor
chamber because of the unavailahility of 6061-T6 screens.

A preliminary screening of working fluids was made, and a number of classes of fluids
were identified as being likely candidates for working fluids in a vapor chamber radia-
tor in the temperature range 200 to 3500F. This preliminary selection was made pri-
marily on the basis of expected fluid thermal stability, compatibility with aluminum
alloys, and equilibrium vapor pressure, with the performance of the fluid in the vapor
chamber being a secondary consideration. Promising classes of fluids identified were
Freon-type refrigerants and solvents, alkanes, alcohols, aromatic hydrocarbons, in-
organic fluids (especially water and ammonia) and several organic fluids which had pre-
viously been used for high-temperature, vapor-phase heat transfer applications. In
addition, various chemical companies were contacted for information concerning avail-

able proprietary compounds which may not yet be in general commercial use. These
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inquiries produced two other classes of fluids: the Freon E Series fluorocarbons (E. 1.
DuPont De Nemours & Co.) and a group of experimental thermodynamic fluids under

investigation by the Monsanto Company.

It was finally decided that fluid-material compatibility tests would be performed on the
following thirteen fluids: n-pentane, n-heptane, benzene, toluene, water, CP-32, CP-34
(Monsanto thermodynamic fluids), ethyl alcohol, methyl alcohol, ammonia, Freon 11,
Freon 113, and n-butane. Tn view of the known corrosion of aluminum by water, the
water tests were conducted in stainless steel. This single test, was performed be-

cause water as a vapor chamber working fluid is highly advantageous.

In order to simulate as nearly as possible the actual radiator operating conditions, the
fluids were placed in a gravity refluxing capsule fabricated of 6061-T6 aluminum alloy,
except water which was tested in a type 321 stainless steel capsule. Heat was supplied
at one end of the capsule by immersion in an oil bath operating at constant temperature.
Heat rejection at the upper end of the capsule was accomplished by flow of ambient tem-
perature air. Three thermocouples were located near the upper end of the capsule, and
the temperatures were monitored for at least 500 hours at the selected test temperature.
The accumulation of noncondensable gas in the capsule was indicated by the development

of an axial temperature gradient near the upper end of the capsule.

4.4.2 CAPSULE DESIGN AND FABRICATION

The aluminum reflux capsules were approximately 23.5 inches long and 0.5 inch in out~
side diameter. The capsule design is shown in Figure 4-25. In constructing the cap-
sules, all parts were first cut to the required size and then thoroughly cleaned. The
cleaning procedure involved an initial soak in hot alkaline cleaner followed by deoxi-
dation in a solution of 112 gm. sodium sulfate and 150 m1 concentrated nitric acid in
850 m1 water for 20 minutes at 1400F. In addition, the aluminum was either machined
or abraded in the ares of the welds. A single layer wick of aluminum screen (1100-

aluminum alloy, 120-mesh twill) was then inserted in the tube and pressed against the
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inside wall by rolling over a 3/8 inch rod inserted down the axis of the tube. The cap~
sules were then TIG welded under helium in a vacuum purged inert gas welding cham-~
ber. After welding, the capsules were leak checked with a helium mass spectrometer
leak detector and pressure checked with argon at 900 psig after which the leak check

was repeated.

FILL TUBE
188" OD X 049" WALL

TIG WELD FILL CAP

0,5"

*rc#l——L

SCREEN FLUSH
WITH INSIDE WALL

_'\ i
TC #z__-L
CAPSULE
0.30% OD X 035" WALL _\

4
_J\‘

233" MATERIAL,

CAPSULE: 6081-T6
ALUMINUM

SCREEN : 1100
ALUMINUM

TIG WELD 120 MESH
END CAP TWILL

Figure 4-25. Aluminum Capsule

The type 321 stainless steel capsule for the water test was similar to the aluminum
capsule except that the fill tube was 0.25 inch OD by 0. 035 inch wall. The stainless
capsule was cleaned before fabrication by soaking in hot alkaline cleaner and pickling
for 15 minutes at 1350F in a solution of 15% by volume concentrated nitric acid, 5% by
volume concentrated hydrochloric acid, and 80% water. In addition, the stainless steel
was passivated by soaking for 15 minufes at 1500F in a 15% by volume nitric acid solu-

tion. The wick material consisted of a single layer of 150-mesh, type 316 stainless
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steel screen pressed against the inner wall. The stainless steel capsule was TIG welded

in air with argon purging.

Three thermocouples were located on each capsule at 0.5 inch, 2.0 inches, and 4.0
inches from the upper (filling) end as shown in Figure 4-25. The couples were cemen-
ted to the wall with epoxy cement. The thermocouples were 24-gauge copper versus
constantan with fiberglass insulation. Following attachment of the thermocouples and

curing of the epoxy, each capsule was again leak checked.

Two trial capsules of aluminum were proof tested to further check the weld integrity.
These capsules burst at 3400 and 3500 psig. respectively, in good agreement with the
ultimate tensile strength of welded 6061-T6 Aluminum.

4,4.3 CAPSULE FILLING AND SEALING

The procedure adopted for filling the capsules involved filling the capsule completely
with fluid and then distilling the fluid from the capsule until the desired quantity re~
mained. This procedure served to remove residual air from the capsule, absorbed
gases from the interior surfaces, and dissclved gases from the fluid. In addition, the

more volatile impurities were removed from the fluid during the distilling operation.

For the fluids with boiling points above ambient temperature, the capsule was filled
completely with fluid from a hypodermic syringe using a 6-inch, No. 20 hypodermic
needle. The total capsule volume was approximately 54 cc. A valve was then attached
to the fill tube and to a water-cooled glass condenser and volumetric collector. A photo-
graph of the filling system is shown in Figure 4-26. The bubbler serves to prevent

evaporation of the more volatile liquids.
After filling the capsule completely with liquid, a heating tape was wound around the

exterior of the capsule and heat was supplied to boil the fluid. It was found that the

heat had to be applied near the surface of the liquid to prevent eruptive boiling and
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Figure 4-26. Capsule Filling System

subsequent sudden flow of a large liquid volume. The distilling process continued until
the capsule was approximately half full at which point the valve was closed, and the cap-
sule temperature was increased to approximately 3OOF above the normal boiling point.
The capsule was heated at this temperature for several hours with occasional venting

of the capsule to remove noncondensable gas accumulating at the upper end of the cap-
sule. The temperature of the three thermocouples was monitored during this time to
indicate the quantity of noncondensable gas. When the capsule thermocouples indicated
an isothermal condifion and the desired quantity of liquid remained within the capsule,
the fill valve was finally closed, and the capsule was allowed to cool to ambient tempera-

ture.
In filling capsules with fluids boiling at or below ambient temperature, (that is Freon

11, ammonia, and n-butane), a somewhat different procedure was employed. In each

case, the capsule was weighed before and after the filling operation to determine the
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quantity of fluid in the capsule. The initigl charge of Freon 11 was inserted into the
capsule with a hypodermic syringe as with the higher boiling liquids. In filling the
n-butane capsule, the capsule was first evacuated and fhen attached to a cylinder con-
taining liquid n-butane. After thoroughly flushing the connecting lines, the n-butane
was distilled into the capsule which was maintained at SZOF in an ice bath, while the
n-butane cylinder was at ambient temperature. In filling the ammonia capsule, the
capsule was first evacuated and then attached to a reservoir containing liquid ammonia.
After thoroughly flushing the connecting lines, the ammonia reservoir was tilted so

that the liquid ammonia drained by gravity into the capsule.

The final fluid inventory was approximately 12 cc at normal room temperature in each
capsule. This value was calculated to give a liquid level inside the capsule which was
near the oil level of the bath when the capsule was on test. Table 4-8 gives the capsule
identification, the fluid supplied for all of the capsules tested, the final fluid inventory,
and the capsule test temperature. In the case of methyl alcohol, the capsule was not
put on test since reaction with the aluminum capsule was noted during the filling opera-
tion. This is discussed further in a later section of this report. It should be noted

that Freon 11 was available as the solvent, Freon MF. Similarly, Freon 113 was avail-
able as TF solvent and as PCA (precision cleaning agent). In each case, the highest

purity grade was used.

After the capsule was filled with the desired quantity of fluid, a permanent seal of the
fill tube on the aluminum capsules was made. To accomplish this, the fill tube was
sealed with a pinch-off tool. After the pinch-off operation, an aluminum cup, which

had been placed around the fill fube before the valve was attached, was pulled up so

that it surrounded the pinch-off, and the cup was then filled with epoxy cement. This
"potting'' of the pinch-off effectively reinforced it against high internal pressures en-
countered during the capsule tests. The epoxy used for reinforcement of the pinch-off
was especially suited for this purpose since it is stable at 350035‘; it readily flows around

b

- e 5 =i PR + PR va s L
the pinch-off, and it cures within one hour at 150 F or overnight at room temperature.

[

Figure 4-27 is a photograph of a cross section of the fill tube pinch-off after "potting”
in epoxy cement.
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T

FILL TUBE

EPOXY
CEMENT

Figure 4-27. Cross Section of Fill Tube Pinch-off Potted
in Epoxy Cement (C67112007)
The stainless steel capsule containing water was not permanently sealed. All tests

were conducted with the filling valve in place.

4.4.4 CAPSULE TEST APPARATUS

Heat was supplied to the capsules from oil baths operating at constant temperature.
Heat was dissipated at the upper end of the capsules by a flow of ambient temperature
air. This type of system was chosen for this test in order to accommodate the number
of capsules to be tested, and to eliminate, as far as possible, overheating of the cap-
sules during the long-term tests. Each bath was provided with overtemperature pro-
tection which automatically shut down the bath in case of a malfunction in the bath tem-

perature control.
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Figure 4-28 is a photograph of the capsule test apparatus. The capsules in the high-
temperature bath were insulated between the air duct and the bath to decrease the heat
loss in this area. The three oil baths were operated at temperatures of 362, 260, and

O s
183 F, respectively.
FAN
EXIT AIRTEMPERATURE

e T .
P Ry COBLING AIR BUCT

SRR

Figure 4-28. Capsule Test Apparatus (C67101205)

Air flow was provided by a fan rated at 225 cfm which was mounted in the exit end of
the 12-inch by 12~inch air duct. The air velocity was measured with a velometer and
averaged 4.2 ft/sec. In the high-temperature bath, the capsules extended 4.4 inches
into the air duct, in the mid-temperature bath, 6.3 inches; and in the low-{emperature
bath, 10.9 inches. The immersion in the air duct was calculated so that each capsule
would dissipate approximately 20 watts (68 BTU/hr) within the duct. The lower end of

each capsule extended approximately 6 inches below the oil level in the bath.




Figure 4-29 is a schematic of the thermocouple circuit. Each capsule thermocouple
was connecied to an isothermal block where connections to copper leads were made.
The isothermal block was a Model 4081 thermocouple reference junction compensafor
which was at ambient temperature. The copper leads went to a 40~position switch and
then back to the isothermal block where a connection was made to the thermocouple
wire which, in turn, was connected to an ice junction and then to the thermocouple
readout. The thermocouple readout was a precision millivolt indicator which gave
thermocouple EMF to one microvolt. The purpose of the isothermal block was to main-
tain the copper lead wire to thermocouple wire connections at the same temperature

and thus avoid spurious emf's in the circuit.

A )
THERMOCOUPLE
ALLOY WIRES
COPPER LEADS
i o
> > b '
TR il
ISOTHERMAL | o I |y | ”){\LLL"‘
BLOCK‘=I|H |l LY |
by i ICE
LT g I BATH
Py g [
SE2)
THERMOCOUPLE READOUT
COPPER
LEADS

Figure 4-29. Schematic of Thermocouple Circuit
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It should be noted that the primary test measurements were the differences between the
three thermocouple readings on each capsule, and that no particular effort was made to
obtain accurate absolute temperature readings. In order to assure that no spurious
temperature differences were being introduced in the thermocouple circuit, the thermo-
couple output of the three thermocouples on each capsule was compared at the conclu-
sion of the test. The section of capsule wall to which the thermocouple was attached
was cut from the capsule and the three thermocouple sections from a particular cap-
sule were placed in intimate contact at the bottom of a heavy-walled, brass-well placed
in one of the baths. When the three thermocouple outputs were compared under these

conditions, no differences greater than 2 microvolts (0. 080F) were detected.

Several measurements were made of the total heat dissipation from the capsules in each
bath. These heat dissipation values were obtained by measurement of the electrical
power to the bath heaters with the capsules at operating temperature, and subtracting
from this the power input to the bath with no capsules in the bath and with the bath at

the same temperature. Average values of heat losses have also been calculated, and
the results are shown in Table 4-9, where comparison is made with the measured value.
Radiation losses have been included by assuming an emissivity of 0.1 for the aluminum.
Very good agreement between calculated and measured heat loss was obtained for the
low temperature and mid-temperature baths. Measured heat loss in the high tempera-
ture bath exceeds the calculated value by 5% even though the calculations were made as-

suming no insulation on the capsules between the bath and the air duct.

It can be shown from the heat loss values in Table 4-9 that the heat flux from the cap-
sules within the air duct approximates the heat flux from a vapor chamber in a radiat-
ing panel when the vapor chamber spacing is 2.4 inches, and radiation is from both
sides. Since this is quite a reasonable value, the condensing heat flux in these capsule
tests is quite representative of values to be expected in a typical vapor chamber radiator
panel. The evaporative heat fluxes, however, range from 1000 to 3000 BTU/hr ftz and
thus are considerably lower than those to be expected in a typical vapor chamber radiator

operating at the specified reference conditions.
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TABLE 4-9.

CALCULATED AND MEASURED HEAT 1LOSS FROM CAPSULES

Bath Capsule Capsulfe Calculated Heat Loss per Capsule (Btu/hr) Measured Total
Length in Heat Loss
Temperature Temperature .
oF) (°F) Air Duct per Capsule
( (inches) In Air Duct Between Bath & Duct Total (Btu/hr)
Hi Temp. Bath 363 320 4.4 74.8 71, T* 147 155
Mid Temp. Bath 260 225 6.3 65.2 32, 5% 98 102
Low Temp. Bath 184 156 10.9 59.8 9. 3% 69 68

*Assuming no insulation on the capsules.




4.4.5 CAPSULE TEST RESULTS

The primary test measurement was the difference in temperature readings of the three
thermocouples on each capsule. As was mentioned sbove, the three thermocouple
readings were compared under isothermal conditions and were found to agree within

0. O8OF, which shows that only extremely small temperature differences might be
accounted for by spurious emf's in the thermocouple circuit. There are, however,
several other explanations for temperature differences between the thermocouples.
One is, of course, that non-condensable vapor has formed in the capsule and causes
the upper thermocouple to read lower than the other two. If noncondensable vapor
formation continues, then the temperature of the upper thermocouple would continue to
decrease with time. In addition, there is appreciable thermal resistance between each
thermocouple and the vapor within the capsule due to the rather low thermal conductivity
of the liquid film on the interior and the rather uncertain thermal contact of the thermo-
couple with the wall. Thus, if the screen does not make good contact with the wall in
the region of the thermocouple or if the thermocouple does not make good contact with
the wall, then a particular thermocouple might read lower than the other two on the
capsule by several degrees. In order to aid in detei‘mining the cause of the tempera-
ture differences, the capsule temperatures were decreased at various times during
the tests. If the temperature of a particular thermocouple increased with respect to
the other two when the capsule temperature decreased, this is an indication that there
is high thermal resistance in the region of the thermocouple in question. If the upper
thermocouple indicates a low temperature and the temperature decreases with respect
to the other two couples when the capsule temperature decreases, this indicates non-

condensable vapor within the tube has accumulated at the top of the capsule.

A description of the test and test results for each of the selected working fluids is

contained in the following paragraphs.
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4.4.5,1 Methyl Alcohol (Capsule C-1)

No capsule fests were made with methyl alcohol since relatively large gquantities of
gas were evolved during the filling operation. The capsule was first filled completely
with methyl alcohol and then, with the filling valve open, approximately half of the
liquid was distilled out of the capsule at the boiling point, 148. 5°F. The filling valve
was then closed, and the capsule temperature was increased while the temperature of
the three thermocouples was monitored. Some gas evolution was noted at a capsule
temperature of 158°F where the upper thermocouple was about 5°F cooler than the
lower thermocouple. At a capsule temperature of 17 9°F rather rapid gas evolution
was observed, and the difference between the upper and lower thermocouples was 41°F.
The gas was vented several times and continued reaction was observed. Finally, a
small quantity of evolved gas was collected with air and ignited to determine if it was
combustible. The gas was probably hydrogen since it readily exploded on ignition with
air. The capsule was then cooled to room temperature, the fill valve was removed,
and the fill tube was closed with a rubber cap. The rubber cap blew off after a few

hours indicating that, once started, the reaction proceeded even at room temperature.

The capsule was sectioned and the interior was examined. Extensive corrosion was
noted, especially on the screen near the upper end of the capsule. A photograph of
the sectioned capsule is shown in Figure 4-30. The powdered material in the lower

left of the photograph is the residue after evaporation of the alcohol.

The evidence thus shows rapid attack of aluminum by methyl alcohol with the reaction
beginning at about 1600F. The product is, presumably aluminum methoxide formed by
the reaction: 3 CH30H + Al =3 Al (OCHS) 3 + —g-Hz. The solid reaction products gave

a weight gain, upon ignition in air, which was consistent with the above reaction.

4.4.5.2 n-Pentane (Capsule C-2)

The capsule containing n-pentane was tested for about 750 hours at temperatures above

SOOOF. About 570 hours of this test were at 3160F. At 3160F, the capsule temperature
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Figure 4-30. Sectioned Aluminum Capsule Following Heating to 17OOF with
Methyl Alcohol (C67100450)

was typically 460F lower than the bath temperature. Internal capsule pressure was
270 psia and calculated vapor velocities were 0,15 ft sec near the evaporating liquid
surface and 0.064 ft/sec at the level of the lower thermocouple. The results of this

test are shown in Figure 4-33 where T1 - T3 and T - T3 are plotted against test

hours. T 1 is the temperature of the upper thermocoiple (0.5 inch from top of capsule);
T‘2 is the temperature 2.0 inches from the top of the capsule and T 3 is the temperature
4.0 inches from the top of the capsule. The data shown in Figure 4-31 are particularly
erratic in comparison to some of the other capsules tested. There was definite indi-
cation of excess thermal resistance near the lower thermocouple (T3) since T_ was

2

always greater than T_ but became very nearly equal to T3 when the temperature was

3
lowered to about 250015‘3 The fact that T 1 was from 3 to 80F less than T 3 could be

taken as an indication that there was some noncondensable vapor in this capsule.
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However, at the conclusion of the test when the temperature was decreased to 2529F
there was an increase in Tl with respect to both T 9 and T 3’ which is not consistent
with the assumption of noncondensable vapor in the capsule. The constant temperature
differences noted over the last 450 hours of test indicate that no continued gas forma-

tion occurred during this period.

It should be noted that variations in the individual temperature occurred throughout the
test. Short-term (fraction of a second) instabilities were especially noticeable on the
capsules in the high-temperature bath where the apparent random fluctuations had ampli~
tudes of roughly 0. SOF. These fluctuations were visually averaged in an individual read-
ing. Periodic changes occurred as the bath heaters cycled with periods ranging from

35 seconds in the high-temperature bath to about 60 seconds in the low-temperature
bath. In addition, long-term variations occurred mainly as a result of changes in

ambient temperature.

At the conclusion of tests on the n-pentane capsule, the capsule was sectioned and the
interior examined visually and microscopically. Very light, brownish areas of dis-
coloration were noted on the interior wall, but the screen appeared clean. No evidence
of corrosion of the aluminum was found. The liquid removed from the capsule also had

a very faint brownish coloration.

4.4.5.3 Benzene (Capsule C-3)

The benzene capsule was also run for a total of 750 hours at temperatures above SOOOF,
of which 570 hours were at 31 6OF. At this temperature, the vapor pressure of benzene
is 100 psia. Calculated vapor velocity was 0. 32 ft/sec near the evaporating surface and
0.14 ft/sec at the level of the lower thermocouple. Temperature differences are plotted

against test hours in Figure 4-32.
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Measured temperature differences were quite small throughout the fest and were constant

o ~ T 5 was noted when the capsule

temperature was lowered. This indieates some slight excess thermal resistance in the

with time. A slight decrease in both T?’L - TS and T

area of the No. 3 thermocouple; that is, the T3 temperature increases with respect to

the other two when the heat flux is decreased.

The capsule was sectioned after the test, and very slight, local areas of discoloration
were noted on the interior with no evidence of corrosion. The screen material was
clean, and the liquid was clear. On the basis of this test, benzene appears to be excep-

tionally stable in contact with 6061-T6 aluminum at temperatures near 3000F.

4.4.5.4 Water in Type 321 Stainless Steel (Capsule SS-1)

Distilled water in type 321 stainless steel was exposed to temperatures in excess of
SOOOF for 750 hours, of which 570 hours were at 327OF. At this temperature, the vapor
pressure of water is 99 psia. Calculated vapor velocity was 0.24 ft/sec at the evaporat-
ing liquid surface and 0.11 ft/sec at thermocouple No. 3. Temperature differences are
plotted against test hours in Figure 4-33. A steady decrease in T, - T_ occurred

1 3

throughout the test, until at 750 hours the upper temperature was 720F lower than T 3°

The temperature of the middle thermocouple agreed quite closely with T 3 until the con-
clusion of the test when the temperature was decreased to 26OOF at which time T o Was
100F lower than TS’ and T 1 was 117°F lower than T 3 There was thus definite evidence
of considerable quantities of noncondensable gas evolved during this test. A qualitative
mass spectrometric analysis of the vapor within the capsule was performed after the

test and showed a large concentration of hydrogen.

Sectioning of the capsule at the conclusion of the test revealed extensive discoloration
on the interior, especially in the areas of the welds. It is considered likely that the
capsule was not effectively purged of air before welding and that oxidation of the capsule
material thus occurred during welding. A portion of the oxidation products could have

been transported into the liquid during the reflux tests and produced the black deposits
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which were observed in the lower (liquid) portion of the capsule. In the upper portion
of the capsule there was relatively uniform brown coloration typical of light oxidation
of stainless steel. In addition, the water removed from this capsule contained a small
quantity of brown precipitate. It thus appears that reaction of the water with the stain-
less occurred during the test with subsequent evolution of hydrogen. If one assumes
that the hydrogen-water vapor interface during the tests was sharp, and that, at the
conclusion of the test, the interface just reached the middle thermocouple with the cap-
sule temperature at ZGOOF, then the quantity of hydrogen within the capsule at the con-
clusion of the test was 150 std cc. Since the interface is not, in reality, sharp, the

gquantity of hydrogen is probably not this large.

4.4.5.5 Ammonia (Capsule D-1)

The capsule containing ammonia was run for more than 500 hours at 159OF. The vapor
pressure at this temperature is 480 psia, and the calculated vapor velocity is 0.031
ft/sec at the evaporating surface and 0.010 ft/sec at the level of thermocouple No. 3.
These unusually low vapor velocities are the result of the high heat of vaporization of
ammonia and the high vapor density at the test temperature. Temperature differences
are plotted against test hours in Figure 4-34. Both T1 - T3 and T2 - T3 are very
constant throughout the test at about +1.6 and +1. ZOF, respectively. The fact that both
T 1T ‘TS and T2 - T3 are positive, and decrease slightly when the capsule tempera-
ture is decreased, indicate that there is a slight excess thermal resistance near the

No. 3 thermocouple which tends to cause T_ to be lower than the other two temperatures.

3
Sectioning of this capsule at the conclusion of the test revealed some discoloration of
both the screen and the capsule wall in the liquid region. It is believed that this dis-
coloration is due to some nonvolatile impurity in the ammonia which could have been
introduced when the capsule was filled., In particular, the lubricant on the stem threads
of the filling valve could have been flushed into the capsule during the filling operation.
It should be noted that the ammonia capsule is the only capsule tested in which liquid

was inserted into the capsule through the filling valve,
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4.4.5.6 Freon 11 (Capsule D-2) (Capsule D-9)

A capsule containing Freon 11 was run for over 500 hours at 156(}]3‘5 and a second cap~-
sule was run for more than 500 hours at ZZZOFa Results of these tests are shown in
Figure 4-35 and Figure 4-36. At 1560F, the vapor pressure of Freon 11 is 57 psia and
the vapor velocities in the first capsule were 0.22 and 0.071 ft/sec at the evaporating
surface and at the level of thermocouple No. 3, respectively. In the second Freon 11
capsule, the vapor pressure was 119 psia and vapor velocity at the evaporating surface

was 0,16 ft/sec and at thermocouple No. 3, 0.064 ft/sec.

For the first capsule, temperature differences were very constant throughout the test
(Figure 4-35) and no significant changes were noted when the capsule temperature was
decreased. Similarly, for the second Freon 11 capsule, Figure 4-36, the temperature
differences were constant throughout the test with very small changes noted when the
capsule temperature was lowered. The positive temperature differences suggest that
there was excess thermal resistance in the vicinity of thermocouple No. 3 for the sec-

ond capsule.

When the first Freon 11 capsule was cut open, a few, small areas of discoloration were
observed on the inner wall. The screen appeared clean and the fluid was clear. The
second Freon 11 capsule was clean throughout the interior following the test and the

fluid was clear.

4.4.5.7 Freon 113 (Capsule D-3) (Capsule D-8)

A capsule containing Freon 113 was tested for over 500 hours at 1550F and a second
capsule was tested for more than 500 hours at 224OF. At 1550F the vapor pressure of
Freon 113 is 28 psia and at 2240}?, the vapor pressure is 74 psia. In the first capsule,
vapor velocities at the evaporating surface and at thermocouple No. 3 were 0.41 and
0.13 ft/sec, respectively; in the second capsule corresponding values were 0.26 and

0.11 ft/sec. Results of these tests are shown in Figure 4-37 and Figure 4-38.
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+4

TEST TIME {HOURS)

Figure 4-36. Capsule Test Data for Freon 11, Capsule No. 2 (T=222°F)
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For the capsule tested at 1550]?, temperature differences were very constant through-~
out the test and amounted to only a few tenths of a degree as shown in Figure 4-37.

For the second capsule, temperature differences were constant throughout the test with
T, - T, being -1.4°F and T, - T, +0.2°F (Figure 4-38).

The interiors of both capsules were clean following these tests and the fluid was clear.

4.4.5.8 Toluene (Capsule D-4)

The total test time on the toluene capsule was 600 hours at 3230F, at which tempera-~
ture the toluene vapor pressure is 54 psia. The calculated vapor velocity was 0. 62
ft/sec at the evaporating surface and 0. 27 ft/sec at thermocouple No. 3. Tempera-
ture differences are plotted against test hours in Figure 4-39. A gradual decrease
inT 1 T3 occurred for the first 200 hours of test, with rather stable readings of
about —60F obtained after this time. Very small differences between T2 and T 3 were
noted throughout the test. No significant changes in temperature differences occurred

when the changes in temperature differences occurred when the capsule temperature

was decreased.

The capsule interior appeared clean after this test with the exception of a small,
localized patch of discoloration on the inner wall. This seemed to be a surface deposit
with no evidence of attack of the aluminum. The screen material was clean and the

fluid was clear at the conclusion of the test.

4.4.5.9 n-Heptane (Capsule D-5)

The total test time on the n~heptane capsule was about 600 hours at 3210F at which tem-
perature the vapor pressure is 66 psia. The calculated vapor velocity was 0.42 ft/sec
at the evaporating surface and 0.18 ft/sec at the level of thermocouple No. 3. Tem-
perature differences are plotted against test hours in Figure 4-40. Temperature dif-

ferences were fairly constant throughout the test with T, - T3 being typically -3. 7°F

1
and T2 - TS about -3. OOF, No significant changes were noted in T1 - T? when the
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Figure 4~40. Capsule Test Data for n~-Heptane



capsule temperature was lowered. However, a slight increase in T - T_ was ob-
3

2
served when the capsule temperature was lowered at 465 hours and again at 608 hours.

This indicates a slight excess thermal resistance in the area of the No. 2 thermocouple.

The entire capsule interior, including the screen, appeared clean after this test, and

the fluid removed from the capsule was clear

4.4.5.10 CP-32 (Monsanto Thermodynamic Fluid) Pyridine (Capsule D-6)

The Monsanto thermodynamic fluid, CP-32, was run for 550 hours at 31 SOF, at which
temperature the vapor pressure is 45 psia. The calculated vapor velocity at the evap-
oration surface was 0. 56 ft/sec and 0. 25 ft/sec at thermocouple No. 3. Temperature
differences are plotted against test hours in Figure 4-41. A gradual decrease in

T 1 T3 was observed over the initial 250 hours of test after which a constant value
of about -5. 50F was obtained. The temperature difference T2 - T 3 was more ir-
regular. Tor the first 50 test hours, there was little if any difference between T 9 and
T 3 After the first 50 hours, a gradual increase in T2 - T3 was observed until 200
test hours, after which time the difference became constant at +1. GOF. After 480 test
hours a sudden increase in T2 - T 3 to +4.6°F was obtained. This behavior may be
explained by assuming an excess thermal resistance in the vicinity of the No. 3 therm-
ocouple which is not constant with time. When the capsule temperature was lowered at
335, 480 and 550 test hours, a decrease in both T1 - T3 and T2 - T3 was found.
Some rather localized discoloration was found on the interior of the capsule in the liquid
region when this capsule was sectioned. This appeared to be a brownish deposit on the

surface. The screen appeared to be clean, but the fluid removed from the capsule was

slightly darkened.
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4.4.5.11 CP-34 (Monsanto Thermodynamic Fluid) (Capsule D-7)

The Monsanto thermodynamic fluid, CP-34, was tested for 550 hours at 3190F at
which temperature the vapor pressure of CP-34 is 93 psia. The calculated vapor
velocity at the evaporating surface was 0. 32 ft/sec and at the No. 3 thermocouple,
was 0.14 ft/sec. Temperature differences are plotted against test hours in Figure
4-42. A gradual decrease in T, - T3 was noted for the duration of the test, with

1

o
the value reaching -8.7 F at the conclusion of the test. The difference T 9 ~ T3
was quite stable at about -1. OOF. A decrease in T 1" T 3 was observed when the

capsule temperature was lowered at 430 and again at 550 test hours.

Sectioning of the capsule at the conlusion of the test revealed a rather extensive
area of local discoloration on the capsule wall near the liquid surface. No apparent
discoloration was found on the screen. The fluid removed from the capsule was con-

siderably darkened.

4.4.5.12 n-Butane (Capsule D-10) (Capsule D-11)

A capsule containing n-butane was tested for over 500 hours at 155°F 4t which tem-
perature, the vapor pressure is 114 psia. Calculated vapor velocities were 0.13 ft/
sec at the evaporating surface and 0. 043 ft/sec at the level of thermocouple No. 3.
Temperature differences for this test are plotted against test hours in Figure 4-43.
A gradual decrease in T 1 T3 was observed over the first 70 hours of test at 132°F.
The capsule temperature was then increased to 1530F and T1 - T3 continued to de-
crease and, after about 250 test hours, leveled off at -18. 5OF. There was no signif-

icant difference between T 9 and T 3 when T _was 1550F, but with T 3 at about 1330F,

3

T2 - T3 was about -1. OOF. There was, however, no significant change in T 1" T 3

when the capsule temperature decreased to 1330F.
One might be inclined to attribute this behavior to evolution of non-condensable gas

within the capsule, except for the fact that T 1 T3 did not change appreciably when

the capsule temperature was decreased. A more likely explanation seeras to be
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that some impurity was present in the initial charge of n~butane and that this impurity
gradually concentrated in the heat rejection end of the capsule. The behavior of heat
pipes with multicomponent fluids has been described in detail by Cotter (Ref. 23).
Cotter has shown that due to the requirements of conservation of mass, local vapor-
liquid equilibrium, and essentially isobaric conditions throughout the pipe, the more
volatile component of a two-component fluid must separate and reflux independently

at the heat rejection end of the pipe. The pressure in the pipe is determined by the
equilibrium vapor pressure of the less volatile component at the temperature attained
near the heat input section, while the temperature in the zone containing the more
volatile component is a temperature at which the equilibrium vapor pressure is the

same as that of the less volatile component.

A major impurity in the instrument grade n-butane is isobutane (Ref. 19). A small
quantity of isobutane in the initial n-butane charge would cause a temperature differ-
ence of —ZZOF based on available vapor pressure data, which is in good agreement
with the observed value of -18. 5°F. The data of Figure 4-43 can thus be explained
by the assumption of a condensable impurity, prebably isobutane, in the initial n-

butane charge.

In order to further investigate the behavior of n-butane in the reflux capsule, a second
capsule was filled with n-butane. In an attempt to eliminate impurities from this second
capsule, the capsule was heated at about 1400F for 40 hours before finally venting and
sealing the capsule. The capsule was then heated in the oil bath at 15OOF for more

than 500 hours. Temperature differences during this time are plotted in Figure 4-44.
In this test, T 1 T3 decreased and leveled off at about -6. ZOF compared fo -18. SOF

for the first butane capsule. These results indicate that the treatment given the second
capsule served to diminish the temperature differences developed during the test but
apparently did not completely purge the capsule of isobutane. The interiors of both

the first and second n-butane capsules were clean at the conclusion of the tests and the

fluid was clear.
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4.4.6 EVALUATION AND CONCLUSIONS FOR THE SELECTION OF VAPOR CHAMBER
WORKING FLUIDS

As stated previously, the selection of working fluids was based upon thermal performance
as well as material compatibility. The effort as discussed in this section was devoted
to identifying fluids with suitable thermal performance characteristics and then sub-

jecting the candidate fluids to a controlled material compatibility test.

The primary indicator of the overall stability of a particular fluid-material combination
in the capsule tests was the change in temperature of the top thermocouple with respect
to the other two. This is, apparently,a very sensitive indication of the homogeneity of
the vapor within the capsule. Non~homogeneity of the vapor, however, can arise from
thermal decomposition of the fluid, reaction of the fluid with the capsule material,
separation of volatile impurities, or simply outgassing of the fluid. In an attempt to
determine the source of the foreign vapor, the change in T1 - T3 was noted when the
capsule temperature was decreased, as was the appearance of the capsule interior and

the fluid following the test.

It should be emphasized that the present tests were planned to investigate the compati-
bility of a particular fluid-material combination for long-ferm (6-year) use in a vapor
chamber radiator under specified conditions. The reference conditions call for a
steady state temperature of 2880F for the primary radiator fluid at the inlet to the
radiator and a 3200F short-term peak temperature. The acfual temperature to which
the vapor chamber working fluid is exposed must be somewhat less than the primary
radiator fluid temperature, since some temperature drop occurs from the primary
radiator fluid to the evaporative surface within the vapor chamber. It is estimated
that, in these capsule tests, the high-temperature fluids were exposed to temperatures
at least 20°F higher than the peak temperature and at least 50°F greater than long-
term steady state temperature that the fluids would experience in the actual radiator.
In addition, the fluid inventory in these capsule tests was considerably in excess of
that to be employed in the actual radiator. Thus, while the time of exposure in these

capsule tests is only about 1% of the planned radiator lifetime, the conditions of exposure
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were much more severe. It seems reasonable, then, to assume that if the fluid-material
combination completed the capsule tests with no adverse effects, it is a likely candidate
for a radiator with a 5-year lifetime.

A summary of the test results is shown in Table 4-10.

4.4.6.1 Acceptable Fluids

On the basis of the capsule compatibility tests, the following fluids are judged to be
acceptable for long-term use in a vapor chamber radiator, constructed of 6061 alum-

inum for a working fluid temperature not exceeding 300°F:
1. Benzane
2. n-Heptane
3. n-Pentane

Benzene and n-heptane showed no indication of adverse effects throughout the capsule
tests. The n-pentane showed stable temperatures but some discoloration of both the
fluid and the interior of the capsule occurred. This discoloration could have resulted

from a nonvolatile residue in the initial fluid charge.

The following fluids are judged to be suitable for long-term use in 6061 aluminum for

fluid temperatures not exceeding ZOOOF:

1. Freonll
2. Freon 113

Neither fluid showed indication of deterioration in 500-hour tests at 155 F and at 225°F.
Data from Dupont (Ref. 24) indicates a corrosion rate of Freon 11 with aluminum of 0.7

p:4 10_6 inch per month at 1300F and 0.5 x 10_6 inch per month at 2500F. The DuPont data
also shows a decomposition rate of 0.1 per cent per year at 1920F. Other tests with
Freon 113 (Ref. 25) showed no corrosion with aluminum in 100 hours at the boiling

point. Freon 113 has also been stored with various metals at 3000F for two years with

0. 3 to 0.4 per cent decomposition.
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TABLE 4-10, SUMMARY OF CAPSULE TEST DATA
Idefl?g‘is:;:ion Fluid Terri)a.ﬂzoF) Terr;I;)e.St(OF) HTt;iits Test Results

C-1 Methyl Alcohol Test not completed - Gas generated during fill

C-2 n-Pentane 362 316 570 No gas, no corrosion, slight
fluid discoloration

C-3 Benzene 362 316 570 Showed good stability

S5-1 Water 362 327 570 Gas generation and corrosion
occurred

D-1 Ammonia 183 159 500 Showed good stability

D-2 Freon 11 183 156 500 Showed good stability

D-3 Freon 113 183 155 500 Showed good stability

D-4 Toluene 362 323 600 Showed good stability

D-5 n-Heptane 362 321 600 Showed good stability

D-8 CP-32 (Pyridine) 362 318 550 No gas, but deposits and fluid
discoloration occurred

D-7 CP-34 362 319 550 Slight gas and fluid discoloration

D-8 Freon 113 260 224 500 Showed good stability

D-9 Freon 11 260 222 500 Showed good stability

D-10 n-Butane 183 155 500 Gas due to impurities

D-11 n-Butane 183 150 500 Showed good stability




The following fluids are suitable for long-term use in 6061 aluminum af fluid temper-

atures not exceeding 150 F.
1. Ammonia
2. n-Butane

The ammonia capsule gave very stable temperature differences throughout the test.
The discoloration observed in the capsule interior is thought to be due to impurities
accidently introduced when the capsule was filled. The temperature decrease ob~
served in both n-butane capsules is consistent with the assumption of a volatile impur-

ity, probably isobutane, contained in the initial fluid charge.

The resulis of capsule tests on toluene were not conclusive. Although a decrease in

top capsule temperature occurred throughout the test, there was no decrease in T 1

T3 when the capsule temperature was reduced and no fluid discoloration was noted.

On the basis of the test data no acceptance or rejection of the fluid could be made.

4,4.6.2 Fluids Not Suitable For Use in Vapor Chamber

On the basis of the capsule test resulfs, the following fluids were found to be not ac-

ceptable for long-term use in vapor chambers operating at the indicated temperature:
1. Water in type 321 stainless steel at 330°F
2. CP-32 (Pyridine) in 6061 aluminum at 320°F
3. CP-34 in 6061 aluminum at 320°F
4.  Methyl alcohol in 6061 aluminum at 160°F
5. Toluene in 6061 aluminum at 3200}?‘,

o
The capsule tests indicate that water oxidizes type 321 stainless steel at 330 with
evolution of hydrogen. It has been shown, however, in a test at Los Alamos (Ref. 26)
that no noncondensable gas is evolved when water is in confact with type 347 stainless

steel at about ZOOOF, In a heat pipe life test, the pipe has been operated for over

3000 hours with no noticeable change in the temperature pattern.
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The capsules containing the two Monsanto thermodynamic fluid, CP-32 and CP-34,

both showed a decrease in uppey capsule temperafure; and, in addition, some discolor-
ation of the fluid cccurred. Information from the Monsanto Company (Ref. 27) indicates
good thermal stability for CP-34 (0. 5% decomposed in 920 days at 45001?)., Corrosion
evaluation of CP-34 with aluminum at 3000}? for 244 hours gave a corrosion rate of
0.21 x 10~3 inch per year in the liquid zone and less than 0,07 x 10—3 inch per year

in the vapor zone. Similar corrosion evaluation of CP-32 with aluminum gave corrosion

sion rates of less than 1 x 10-=3 inch per year for both vapor and ligquid.

Methyl alcohol was found to react rapidly with aluminum at temperatures above the
boiling point. This reaction was accompanied by evolution of hydrogen. The attack
was especially severe on the screen material (1100 alloy). Corrosion of aluminum
by various anhydrous alcohols has been reported elsewhere (Ref 28). The available
information, thus, indicates that the alcohols in general, and methyl alcohol in

particular, are not suitable for use in aluminum vapor chambers.
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SECTION 5

RADIATOR DESIGN

5.1 DESIGN CONCEPTS

5.1.1 GENERAL DISCUSSION

The prime objective of the radiator design study is to identify a promising Brayton
cycle vapor chamber radiator. A secondary objective is to compare this vapor cham-
ber radiator to the alternative conduction fin radiator. Therefore, this study formulates
conceptual designs which offer the best potential performance for both the vapor cham-
ber and conduction fin radiators. In either case, the Brayton cycle radiator require-
ments necessitate the use of primary and secondary radiator loops. The primary
radiator system serves to cool the Brayton cycle power plant working fluid, whereas,
the secondary radiator, operating at somewhat lower temperatures, cools the system

rotating machining and auxiliary equipment.

The vapor chamber fin radiator is relatively complex compared to the conventional
round tube conduction fin radiator. However, it was determined early in the study that
the fluid mechanics and thermodynamics associated with the Dow Corning 200 (DC-200)
primary radiator fluid makes a conventional round tube unsatisfactory for the alterna-
tive conduction fin radiator and a more complex fluid passage geometry must be
employed. To make a fair comparison between vapor chamber and conduction fin radi-
ators, both concepts were evolved as the performance aspects demanded. The com-~
plexity of fabrication and assembly procedures were kept consistent for both radiators
throughout the design evaluation. The resulting radiator designs and comparisons are
a direct function of the Brayton cycle characteristics. A high Brayton cycle system
thermodynamic efficiency requires rejection of waste heat at the lowest temperature

possible. Also, the Brayton cycle requires a large inlet to outlet temperature change
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of the primary radiator fluid. Consequently, the radiator operates at a low average

temperature.

Significant effects of the Brayton cycle power system requirements on the radiator

designs are:

1. A low primary radiator fluid flow rate plus the selection of an organic fluid
leads to laminar flow solutions.

2. Low heat fluxes and low operating temperatures yield high conduction fin
efficiencies.

3. Required operating temperatures restrict the vapor chamber fluid selections
to those with relatively poor heat transfer and flow properties compared to
liquid metals.

5.1.2 VAPOR CHAMBER FIN RADIATOR DESIGN

Both the vapor chamber fin and conduction fin radiator diameters were limited to the
envelope restrictions of the 10-foot-diameter launch vehicle aerodynamic shroud. For
the vapor chamber radiator, there are two obvious possibilities for the orientation of

the primary tubes and vapor chambers (Figure 5-1).

Figure 5-1. Configuration Possibilities
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Each design, fabricating either curved primary tubes (A) or curved vapor chamber

tubes (B), gresents a fabrication difficulty.

Heat rejection is equivalent for both configurations, but the structural capabilities dif-
fer. Meteoroid protection requirements and the heat transfer characteristics associ-
ated with the primary fluid ducts concentrate a significant part of the vapor chamber
fin radiator weight in the primary fluid loop. Vertical orientation (concept B) of the
primary fluid ducts enables them to be utilized as supporting structures and reduces

the weight by eliminating the need for purely structural longitudinal stiffeners.

Studies in working fluid selection (see Section 4. 3) indicated that vapor chamber lengths
somewhat greater than 2 feet were acceptable for the candidate fluids and six fluid ducts
could be considered. The six primary ducts were arranged fo form a hexagon, eliminating
the fabrication problem of curved vapor chambers at a cost of less than 5 percent in-
creased radiator length. This conceptual arrangement (Figure 5-2) appeared advanta-

geous on all counts and was selected for more detailed study.

SECONDARY PR'MARY/Q\
\ \ P
Do A

1718 B e

VAPOR CHRAMBER
DC-200 DUCTS

FiLL TUBES

CONDUCTION FIN

Figure b~2, Vapor Chamber Radiator Conceptual View
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The primary {luid duct and vapor chamber geometries were determined mainly by the
heat transfer and metecroid protection criteria. Three major temperaiure drops occur

between the primavry radiator fluid and the vapor chamber fin radiating surface:

1. The bulk primary fluid to the evaporator outer wall temperature drop.
2. The evaporator inner wall fo the vapor stream temperature drop.

3. The vapor stream to the vapor chamber fin inner condensing wall temperature
drop.

All of the other temperature drops were comparatively minor.

Since the laminar convective heat transfer coefficient is approximately inversely pro-
portional to the hydraulic flow diameter, it is imperative to reduce the hydraulic flow
diameter to obtain a reasonable heat transfer coefficient. The laminar film tempera-
ture drop can be reduced further by providing a large amount of heat transfer area.
Both a small hydraulic diameter and a large heat transfer surface area are achieved:
by designing the primary fluid ducts with closely spaced fins. Preliminary designs
without finned ducts showed the temperature drop across the DC-200 laminar film {o be
excessive (on the order of 100°F). The inclusion of fins reduced this AT to a few

degrees.

The second significant temperature drop occurs across the evaporator. As previously
discussed, this temperature drop was assumed to follow the Cichelli and Bonilla rela-
tionship for organic fluids (see Sections 4.2 and 4.3). The factors which governed the
design of the evaporator were the need to maintain close proximity with the primary
radiator fluid and to provide a continuous flow path for the condensate from the condenser
to all parts of the evaporator. Failure to keep a good heat transfer path between the
primary radiator fluid and evaporator results in an added temperature drop, a lower

evaporator temperature and an uneven evaporator temperature distribution. Because
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the width of the primary fluid duct is constrained by the meteoroid protection require-
ments, it is clear that the evaporator length will be restricted. The evaporator was
designed as a round tube ¢ keep a continuous condensate flow path with the round tube
vapor chamber condenser section. The round tube selected combines excellent struc-
tural integrity with ease of fabrication and, at the same time, is compatible with the

numerous possibilities for the condenser wick design. The final primary duct-evaporator

configuration concept is shown in Figure 5-3.

FINNED SECTION

D

ﬂ@ili U
N

VAPOR CHAMBER PINCH-OFF TUBE

Figure 5-3. Final Primary Duct-Evaporator Configuration

Only one of the primary fluid ducts is assumed to operate at any one time. With this
arrangement, the evaporator side furthest from the operating duct will operate at a
lower temperature than the near side; however, this temperature difference is less

than a degree because of the good heat transfer path afforded by the aluminum. The
alternative would be to place each operating primary duct.above and below the evaporator
(Figure 5-4)., This design is not as efficient because it does not utilize all of the avail-

able evaporator area at any one time.

By staggering the vapor chambers, the most effictive use of the primary duct area is

obtained (Figure 5-5).
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Figure 5-4. Alternative Design
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Figure 5-5. Staggered Vapor Chambers

The conduction fins separating the vapor chambers serve to prevent evaporation in the
condenser section due to the axial radiator temperature gradient and yield a lighter

weight design as will be shown later.
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The condensing teraperature drop is largely dependent upon the thickness of the con-
densing film. Efforts to reduce this femperature drop were directed towards finding

a condensing wick design which would limit this film thickness to approximately 0,010
inch or less. At the same time, the condensing film flow area must be large enough to
keep the frictional flow losses low so that capillary pumping can be effected. Both of
these aims can be achieved by configuring the condensing wick as shown in Figure 5-6.
The bulk of the condensation occurs on the upper portion of the wick which is closest to
the radiating surface. The condensate then flows down along the wick into the reservoir

provided in the lower section where it is drawn by capillary action back to the evaporator.

Figure 5-6. Condensing Wick

Various approaches for connecting the vapor chambers to the conduction fins were
investigated. From a thermal standpoint, the central fin design (Figure 5-7) would be
most advantageous. Although thermal requirements would permit extremely thin fins,
fabrication and handling considerations require a fin thickness of at least 0.020 inch.
Meteoroid armor protection on the chambers of at least 0.040 inch is required using

this approach.
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VAPOR CHAMBER

CONDUCTION FIN
e

Figure 5-7. Central Fin Design

Another concept which utilizes the conduction fins as meteoroid bumper protection was
found to offer a structurally superior design with increased meteoroid protection at no
expense in weight. This configuration takes advantage of the fin thickness and enables
the vapor chamber walls to be reduced to the minimum allowable for fabrication and
handling; 0. 015 inch. The offset chamber configuration (Figure 5-8) becomes excep-
tionally attractive as chamber diameter increases. The standoffs, which connect the
Vapor chambers to the conduction fin, are 2.5 times the required armor thickness in
height in order to satisfy the bumper criteria for meteoroid puncture. As a result of
the relatively low heat fluxes in the condenser section and the high conductivity of

aluminum, the temperature drop across the standoffs is negligible.

5.1.3 CONDUCTION FIN RADIATOR DESIGN

The conduction fin radiator design concept was dictated by the poor heat transfer
properties of the organic working fluid and, to a lesser extent, the meteoroid protec-
tion requirements. Previous radiator designs have been characterized by round flow
tubes, but in this application, the radiator areas become very large because of the
large liquid film temperature drop. Therefore, a different approach to the conduction
fin radiator was needed, one which was consistent in comparison of complexity with

the vapor chamber fin concept.
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- VAPOR CHAMBER

STANDOFF

CONDUCTION FIN

Figure 5-8. Offset Chamber Configuration

The low flow rate dictated by the Brayton cycle, coupled with the pressure drop re-
strictions, made operation in the turbulent flow regime impractical. The Reynolds

number for round tubes can be expressed as:

w - Mror o)
RE ~ nuD N, (
where:
W = total flow rate

TOT

W = viscosity of fluid
D = tube diameter

Nt = number of parallel flow tubes

TFor DC-200 in the temperature range of interest, the above relationship can be

reduced to:

Npp = 2-04 % 10* WTOT\ o)
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Where WTOT is in Ib/sec and D is in inches. From Figure 5-9, it can be seen that
for a reasonable pressure drop and a reasonable tube diameter, turbulent flow opera~
tion cammot occur with more than six parallel flow tubes. In order to keep the radiator
dimensions reasonable with six or fewer tubes, it is necessary o arrange the flow
tubes in a serpentine configuration. This consideration results in a lengthening of any
one individual flow path. The pressure drop relationship for this situation can be
conservatively expressed for turbulent flow as:

AP = 2,08 x 10 NRELS psi (5-3)

3
D Nt

This equation assumes a 6~inch tube spacing and a fictitious radiator area assuming
no fluid film temperature drop and a 100 percent fin efficiency. Imposing the 25 psi
pressure drop restriction, Figure 5-9 shows that the number of tubes must be reduced
to three for turbulent operation to be maintained within the pressure drop limit (point 1).
The tube diameters necessary to reduce the pressure drop are relatively large and
tend to lower the convective heat transfer coefficient and present large vuinerable

areas. The convective heat transfer coefficient, calculated from a form of the Dittus-

Boelter equation, Ref. 29) can be written for DC-200 as:

D "RE —

(5-4)
P w

h= 0,023 k N 0.8 NPR 0.333 ( 4 >0.14 Btu

hr-ft7-OF
where:
k = liquid conductivity
(for turbulent flow)
N = Prandtl number

i = viscosity of bulk fluid

W = viscosity of fluid at the wall
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The problem of reducing the DC-200 film temperature drop can be solved by departing
from the round tube design and providing finned ducts which offer a large heat transfer
area. Although fluid flow must be in the laminar regime, the heat transfer coefficient
in the ducts is kept reasonably high by reducing the hydraulic diameter. The lower

limit assumed for this design was a 0.010-inch spacing which corresponds to a 0. 020~

inch hydraulic diameter.

The model for the finned duct conduction fin radiator is shown in Figure 5-10. The
offset tube design, which takes advantage of the meteoroid "bumper' protection, re-
duces the tube armor required by the relatively large amount of vulnerable area for
this design. A redundant loop was incorporated into the design by providing additional

tubes which were alternated with the operating set of tubes.

Small hydraulic diameters do not result in excessive pressure drops since the cross
sectional flow area in this design is much greater than that provided by one or two

round tubes.

Using the following approximate relation for laminar flow, the convective heat trans-
fer coefficient h, can be calculated where Dy, is the hydraulic diameter of the flow
passage and k the fluid thermal conductivity

- 3.§6k Bt; (5-5)
h hr - ft~ - °F

A comparison of the turbulent and convective heat transfer coefficients is shown in Fig-
ure 5-11. By going to small hydraulic diameters, reasonable laminar heat transfer

coefficients can be obtained.

A more meaningful comparison between the round tube turbulent flow design and the
laminar flow finned duct design is shown in Figure 5-12 where the convective conduc-

tance (product of convective heat transfer coefficient and heat transfer area) is plotted
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Figure 5-10. Model for Finned Duct Conduction Fin Radiator

DC 200 FLOW PASSAGES
/

against the primary duct or tube vulnerable area. The fluid film temperature drop is
inversely proportional to the convective conductance. The values of vulnerable area
per tube length are in the range corresponding to acceptable round tube diameters
obtained from Figure 5-9. The heat transfer coefficient associated with the round tube
diameters are given in Figure 5-11. The heat transfer area for the finned duct was
obtained using a 0.250-inch-long fin, 0.010~inch flow gap and a 0. 005-inch fin thick-
ness. The corresponding laminar heat transfer coefficient was obtained from Figure
5-11. Figure 5-12 shows, for comparable vulnerable areas, the finned duct is

capable of drastically lowering the fluid film temperature drop. The significance of
this effect is that smaller temperature drops result in shorter radiator lengths and

less total vulnerable area,

5.2 PERFORMANCE ANALYSIS

5.2,1 METHODOLOGY
The conduction fin and vapor chamber fin radiators were designed with the aid of the

Spartan IIY and Spartan VI digital computer optimization programs. Both of these codes
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provide minimum weight preliminary radiator designs by simultaneously solving the

equations for meteoroid survival, heat transfer and fluid flow.

The Spartan 1 code, which has received extensive use in the analysis of round tube
radiators, was modified to reflect the geometry of the more complex finned duct con-
duction fin radiator. The program was revised to optimize all radiator parameters
including the dimensions of fin thickness, length and spacing in the tube ducts. It is
important to note that finned primary ducts were also required with the vapor chamber
radiator to increase heat transfer from the fluid to the evaporator section. Spartan

VI was developed specifically by General Electric to analyze a vapor chamber fin radi-
ator employing several vapor chamber fluids. The Spartan VI code divides the basic

radiator panel into designated axial sections with the primary working fluid tempera-

tures associated with each section. Each section may contain a different vapor chamber
fluid and different geometric parameters determined by the optimization procedure. All
fluid properties, including the primary working fluid, are temperature dependent. Pro-
vision is also made for calculating the optimum amount of vapor chamber redundance

for any input conditions.

5.2.1.1 Heat Transfer Analysis

(a) Vapor Chamber Radiator: The convective heat transfer coefficient for DC-200
was calculated using the Sieder-Tate equation (Ref. 30):

1/3
N - 1.8, N_)? (EH_> ) T (5-6)
NU RE PR L K
A
where: N =

e NU Nusselt number, hDH/k

Npp = Reynolds number, DHVp/ M

NPR = Prandtl number, CPLL/k
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}‘Z}H = hydraulic diameter

h = heat transfer coefficient

L = flow length

= fluid viscosity at bulk fluid temperature
Wy = fluid viscosity at wall temperature

Tor convenience the last term, w/u ) 0.14 was set equal to 1.0, which is a
good approximation when the driving force is small. The calculated heat
transfer coefficient was used to predict the temperature drop to the primary
duct fins across the fluid laminar film,

The duct fin efficiency was computed from the following relation:

tanh (A L)
N o = n)\L (5-17)

where: L = height of fin

A = fin parameter = “/T;P—/A—k;
h = heat transfer coefficient

P = fin perimeter

A = heat transfer area of fin

kf = fin conductivity

This relationship is true for fins with a low width to height ratio and assumes

a uniform fin conductivity, heat transfer coefficient and bulk fluid temperature.

The fluid laminar film temperature drop can now be written as:
Q

FIN Neff

AT = (5-8)

h A
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where: @ = heat to be transferred

A
FIN

i1

fin heat transfer surface area

The lack of experimental data for the many fluids investigated made the
determination of the evaporator AT especially difficult to predict. The
phenomena of evaporation is sensitive to the evaporator surface. Conse-
quently, the performance on a screen surface, over a period of time at
various heat fluxes can only be estimated. TFor many organic fluids in the
nucleate boiling region, the AT can be calculated using the Cichelli and
Bonilla correlation (presented in Sections 4.2 and 4. 3):

n
.| QA AT (5-9)

Algyap = @/A) C

1l

where: (Q/A) evaporative heat flux

Il

@/ A)p peak heat flux

AT c = critical temperature drop
n = experimental constant, 0.250 to 0.333 (0.300
used in study)

Cichelli and Bonilla also presented curves of (Q/A)p and AT (Figure 4-8)as a
function of the reduced pressure. This correlation is directly applicable to
pool boiling and represents a performance which is partially accurate for low
temperature heat pipes (see Section 6. 5).

The remaining significant temperature drop in the vapor chamber is across
the fluid condensing film. This temperature drop is significant because of
the low thermal conductivity of organic fluids. TFor purposes of analysis, a
temperature drop was assumed not to occur in the vapor phase during the
condensing process. The condensing temperature drop was expressed as:

T
Q 0 o
= — — ~10
ATeonp = ¥ 2nL k. In <r) F (6-10)
film i
where: @ = heat transferred

L = chamber length

k = thermal conductivity of film

film
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Additionally, the vapor chamber fin primary and secondary radiators each have two

r = outside radius of condensing film

r. = inside radius of condensing film

=~
i
[

onstant to account for unequal condensing distribution
= 3.,0)

—

The principle uncertainty concerning the condensing AT is the thickness of
the condensing film. The reference design assumed a condensing film thick-
ness of 0. 010 inch; however, the effect of varying this parameter was
investigated.

The temperature of the fin directly adjacent to the vapor chamber was assumed
to be equal to that of the outside chamber surface. In order to account for the
temperature drop along the fin between chambers, standard curves for fin
efficiency (see Figure 4-24) were used.

Conduction Fin Radiator: The temperature drops considered in the conduction
fin radiator were: the AT from the bulk fluid to the internal tube fin root, the
AT across the armor and the AT between tubes along the conduction fin. The
fluid laminar film temperature drop and the conduction fin efficiency were
calculated in the manner explained for the vapor chamber fin radiator. The
temperature drop across the tube armor is calculated by the Fourier equation
for heat transfer:

Q

kAA

dT = dx (5-11)

where: Q heat transferred

i

k A conductivity of armor
A = heat transfer area
dx = length of heat path

5.2.1.2 Meteoroid Analysis

Both the vapor chamber fin and conduction fin radiators were studied for survival
probabilities ranging from 0,99 to 0.999. This survival probability is an overall

requirement and includes the secondary radiators as well as the primary radiators.

components, the ducts and heat pipe fins. These must be accounted for.
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The overall survival probability of a system is equal to the multiple of the individual
survival probabilities which constitute that system. Therefove, the overall survival
probabilities consist of four principal components for the vapor chamber fin and two
components for the conduction fin radiators. A further consideration is the distribution
of the overall survival probability in the most advantageous mammer. Components having
small vulnerable areas or which can be easily protected due to the effect of redundancy
should be given the more stringent survival requirement. The individual survival
probabilities were distributed as shown in Table 5-1. The secondary radiators were
given a higher survival probability than the primary radiators in such a ratio as to keep
the armor requirements nearly identical. The most advantageous probability distribu-
tion between the primary ducts and vapor chambers was examined. The primary radi-
ator weight was found to be fairly insensitive to this distribution and is shown in Fig-

ure 5-13.

TABLE 5-1. SURVIVAL PROBABILITY DISTRIBUTION

Vapor Conduction
Chamber Fin Fin
Overall Survival
Probability 0.999 0.990 0.999 0.990
Primary Radiator
Ducts 0.99928 0.9928 0.9992 0.992
Chambers 0.99992 0. 9992
Secondary Radiator
Ducts 0.99982 0.9982 0.9998 0.9980
Chambers 0.99998 0.9998

For the conditions assumed in the study, the meteoroid equation proposed by Loeffler

(Section 3. 6) reduces to:

-0. -0,333 A 0.249
’sa = 1.45 167 E 3 v T (5-13)

pt t -log P
Y e o
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where: ta = required armor thickness
. . 2
A = vulnerable area of armor (ft)
T = mission time (days)

P = design probability of no critical damage

The external area of the armor was used as the vulnerable area for both the primary

fluid ducts and vapor chambers.

The armor requirements of the primary fluid ducts was decreased by providing redundant

loops for both the vapor chamber fin and conduction fin radiators.

In order to keep the meteoroid armor requirements of the vapor chambers within reason-
able limits, it is necessary to allow a certain percentage of failures which reduces the
individual chamber survival probability. The relationship between the amount of addi-
tional radiating area and percentage failure-can be calculated from the analysis shown in
Section 4.3. The results are shown in Figure 5-~14 for a 0, 020~inch-thick fin with a 2~

inch spacing hetween chambers.

5.2.2 RESULTS

The comparison between the vapor chamber fin and conduction fin radiators was made
over a range of radiator areas for several meteoroid survival probabilities. These
investigations drew several fundamental conclusions about the relative characteristics
of each radiator type. The accuracy of the analytical comparison was tempered some-
what by two uncertainties concerning the vapor chamber fin calculations: the magnitude
of the evaporator and condensing temperature drops. Consequently, the sensitivity of
the vapor chamber fin radiator design to changes in these parameters was investigated

and the results upon the comparison are presented.
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The variation of vapor chamber fin and conduction fin radiator weights as a function of
area are shown in Figure 5-15 and 5-16 for several survival probabilities. At survival
probabilitieg higher than 0. 999, the vapor chamber fin radiator shows an advantage

while the conduction fin radiator is lighter at survival probabilities of 0.989 and lower.

The "ideal" area shown on these figures refers to a limiting situation in which the radi-
ator is isothermal at any axial position around its circumference and no AT exists be-
tween the primary fluid and the radiating surface. While the secondary radiator weights
and areas have not been shown in Figures 5-15 and 5-16 the same conclusions would be

drawn with their inclusion,

The vapor chamber fluids used in the analysis were n-pentane in the high temperature
section and ammonia in the low temperature section; the dividing point corresponding
to a primary fluid temperature of 180°F. Due to the decreasing surface tension of
ammonia with increasing temperature, the capillary pumping requirements preclude
the use of ammonia at higher temperatures. The characteristics of the reference
designs at the 0.999 and 0. 990 survival probabilities are presented in Tables 5-2 and
5-3.

Weight of the conduction fin radiator, with its larger primary fluid duct vulnerable
area, is much more sensitive to changes in the overall survival probability. Although
the vulnerable area of the vapor chambers is considerable, the redundancy incorporated
into the design makes it possible to increase the overall chamber survival probability
without large weight increases. This effect is shown in Figure 5-17 for an 85 percent
chamber survival. The choice of an 85 percent chamber survival was based on struc-
tural requirements of the radiator shown in Figure 5-18. At chamber survival proba-
bilities greater than 85 percent, the conduction fin thickness necessary to provide
meteoroid protection exceeds the structural requirements. At lower chamber survival
fractions, the conduction fin thickness is reduced and rings must be added to provide
the necessary structural integrity. The minimum weight occurs at a survival fraction

of approximately 0.85.

155




frmmnch.
(W]

700 T
i
i
i
T
600 T
!
]
f
}
I
500 { 4
1 DESIGN POINT
I N
! A
NN 0.999
=1 0.9
° 400 Il 1| |9|
& | SURVIVAL
. ; PROBABILITY
£ s I
o A
(@] ¥
- {
B 300 < 1
Eisasasy
< B
AT
< 1 ‘ i
T
Q7
200 T '
1 T
IRREI ; H
T
N
T
i ; ‘ : BERSRE.
100 I )
} I
I E
;1
o LA LI 1] i
300 350 400 450 500
AREA, FT2
Figure 5-15. Weight Versus Area for Vapor Chamber Fin Primary Radiator




LB.

WEIGHT,

WEIGHT VS, AREA FOR

CONDUCTION FIN PRIMARY RADIATOR

700

T
I !—r—f—
N e
]
6001 -
a H DESIGN POINT
L = -
T
T SURVIVAL T
N ; 0 PROBABILITY
N l - H
500 ! \ 0.999
T 1
) n 3
+ | . ™ 0.998
B : o
400 r Ay == 0.995
| sl o |
B I I R Tt
] / 0.99
kN 1
- ]
300 ﬁ }
mw—uxf‘[ 4
:i[:rjjy_ﬁ_r_% ] j T+
EnER
'TTHH*” T
200 ‘ .
1
i ]
i
¥
]
i B S N S o
100 [ [ T s
! T !
4 ES
i i
n } !I
O nE 1 l
0 muil . EEEEEREN D N N
300 350 400 450 500
AREA, FT?

Figure 5-16.

Weight Versus Area for Conduction Fin Primary Radiator

157



158

TABLE 5-2. VAPOR CHAMBER RADIATOR CHARACTERISTICS

Primary Fluid Temp. Range, n-Pentane Section
Primary Fluid Temp. Range, Ammonia Section
Average Primary Fluid AT, n-Pentane Section
Average Primary Fluid AT, Ammonia Section
Average Evaporator AT, n-Pentane Section
Average Evaporator AT, Ammonia Section
Average Condenser AT, n-Pentane Section

Average Condenser AT, Ammonia Section

Length of n~Pentane Section, ft

Length of Ammonia Section, ft

Length of Chambers, in.

Outside Diameter of Chambers, in.
Number of Chambers

Average Chamber Spacing, in.
Chamber Wall Thickness, in.
Required Duct Armor Thickness, in.
Bumpered Duct Armor Thickness, in.
Primary Duct Outside Height, in.
Primary Duct Outside Width, in.

Duct Fin Height, in.

Duct Fin Thickness, in.

Duct Passage Width, in,

Conduction Fin Thickness, in.
Average Primary Fluid Reynolds No.
Average Primary Fluid Flow Velocity, ft/sec
Primary Fluid Pressure Drop, 1b/in. 2

Total Weight
Total Area
Specific Weight

¢. 999 Survival Probability

0. 99 Survival Probability

Primary Secondary Primary Secondary
288-180 - 288-180 -
180- 64 118- 64 180~ 64 118 - 64
10 - 10 -
3 1 3 1
14 - 14 -
9 10 9 10
19 - 19 _—
3 2 3 2
4,0 - 4.0 --
10.0 4.7 9.9 4.7
26.2 26,2 26,2 26.2
0.310 0,310 0.310 0.30
1537 432 1512 437
1.31 1.57 1.32 1.54
0.015 0.015 0,015 0.015
0.201 0,181 0.145 0,138
0.104 C, 0864 0,0571 0.0516
1,02 0,933 0,914 0.853
1.49 1.55 1.55 1.56
0,150 0.125 0.145 0,125
0,005 0, 005 0,005 0,005
0.013 0, 0125 0, 0137 0. 0135
0.021 0,021 0, 021 0.021
60 33 60 33
0,38 0,32 0.35 0.29
8.88 3.8 7.8 3.0
457 150 455 145
379 127 377 127
1.20 1.18 1.21 1.14




TABLE 5-3. CONDUCTION FIN RADIATOR CHARACTERISTICS

0. 99 Survival Probability

0. 999 Survival Probability

Primary Secondary
No. of Panels 6 6
Total No. of Tubes/Panel* 14 12
No. of Passages/Tube 10 11
Height of Passage, in. 0.210 0.160
Width of Passage, in. 0.010 0.0115
Internal Tube Fin Thickness, in. 0,005 0. 0055
Conduction Fin Length, in. 4,03 4.70
Conduction Fin Thickness,-in. 0. 0625 0. 0580
Fin Efficiency, % 93.5 92.0
Inside Diameter of Header, in. 0.623 0.546
Outside Diameter of Header, in, 0,743 0, 666
Required Armor Thickness, in. 0.303 0,261
Bumpered Armor Thickness, in. 0, 0838 0,067
Radiator Length, ft. 12,4 4,21
Average Fluid Velocity, ft/sec. 0.36 0.34
Average Reynolds, No. 39 26
Pressure Drop, lb/in.2 13.7 5.8
Total Weight, 1bs. 559 160
Total Area, ft2 355 122
Specific Weight, 1bs/ft2 1.57 1.31

Primary

20
10
0.181
0,010
0.005
2.68
0,0470
95.4
0.694
0,814
0,221
0.0590
12.0
0.29
31
10.8
441
344
1.28

Secondary

6

12

11
0.158
0.0105
0,006
4.59
0.0520

91.8
0.529
0.649
0.186
0.039
4.21
0.36

26
7.3

136
122

1.11

*Half of these tubes are fed by each redundant loop.
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in the event that the evaporative temperature drops predicted by Cichelli and Bonilla
are not achievable, the effect of temperature drops 50 and 100 percent higher are shown
in Figure 5-19. Whereas the vapor chamber radiator had previously shown a slight
advantage at the 0.999 survival probability design point, it rapidly becomes noncompeti-
tive if there is a significant departure from the predicted evaporator temperature drop.
Similarly, the effect of the condensing film thickness on the radiator design was found
to be important. These results are shown in Figure 5-20. Clearly, the experimental
evaluation of these two parameters could change the analytical comparison shown in

Figure 5~17.

The importance of several of the ground rules on the radiator comparison was also
examined; specifically, the sink temperature, the primary fluid choice and the pumping
penalty. The results of these perturbations are shown in Table 5-4. The use of water
as a primary fluid measurably improved the weight and area of the conduction fin radi-
ator, but had a significantly smaller effect on the vapor chamber radiator as depicted
by Figures 5-21 and 5-22. However, the compatibility of water with any form of
aluminum is questionable. The effect of sink temperature on both radiators is shown

in Figures 5-23 and 5-24.

The choice, during the working fluid selection phase of this study, of n~pentane and
ammonia as vapor chamber fluids was subjected to scrutiny by using the Spartan VI

optimization program to investigate other fluids. Other combinations that were studied

are:
High Temp. Low Temp. High Temp. Low Temp.
Section Section Section Section
1. Benzene +  Ammonia 5. n-Pentane + Water
2. n-Butane +  Ammonia 6. Water + Water
3. n-Pentane + Ammonia + Propane
4, Water +  Ammonia
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TABLE 5~4, EFFECT OF GROUND RULES ON COMPARISON

Ground Rule Change Vapor Chamber Fin Conduction Fin
WT AREA 5P WY AREA AP
Sink Temperature
300% 685 425 11.3 806 487 19.3
~GOOF 386 309 6.4 440 293 i1.6
Primary Fluid
0.65 centistoke DC-200 450 384 8.63 560 353 7.87
WATER 447 378 2.69 519 340 1.96
Pumping Penalty
None, 50 psi AP limit 449 381 34.7 521 355 38.5

Of these combinations, all showed heavier weights and larger radiator areas except
for the combination of water and ammonia. The present weight advantage offered by
replacing pentane with water is negated by the incompatibility of water with aluminum.

Results are presented in Table 5-5 and depicted graphically by Figure 5-25.

A more complete understanding of the important parameters affecting the radiator
weights was obtained by varying several of the parameters about the values specified
by the optimization program. For the vapor chamber radiator, the variables which
were perturbed are: duct fin thickness, fluid gap thickness, vapor chamber spacing
and vapor chamber diameter. These results are presented in Figures 5-26 to 5-30.
The vapor chamber diameter exerted the largest influence on both radiator area and
weight (Figure 5-26). The parameters investigated for the conduction fin radiator are:

the number of fins per primary tube, fluid gap thickness, internal fin thickness and the
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COMPARISON OF PRIMARY RADIATOR FLUIDS FOR
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COMPARISON OF PRIMARY RADIATOR FLUIDS FOR
VAPOR CHAMBER FIN PRIMARY RADIATOR
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TABLE 5-5. VAPOR CHAMBER FLUID EFFECT
0.999 Overall Survival Probability

FLUIDS PRIMARY SECTION
High Temperature Section Low Temperature Section wT AREA AP
Benzene Ammonia 506 386 8.87
n-Butane Ammonia 466 3717 9.14
n-Pentane Ammonia, Propane 476 383 7.42
Water Ammonia 450 384 8,63
n~Pentane Water 525 418 9.53
Water Water 506 419 7.79
n~Pentane Armmonia 457 379 8.88

number of tubes per panel. All of these parameters affect the primary duct heat transfer
which dominates the conduction fin radiator design; consequently, changes in these
parameters resulted in substantial variations in the radiator weight and area as shown

in Figures 5-30 fo 5-33.
5.3 STRUCTURAL ANALYSIS

5.3.1 GENERAL DISCUSSION

A comparison was made between a vapor chamber fin radiator and a radiator with con-
ducting fins designed to the same requirements. Both radiators were assumed to be -
load bearing so that the influence of structural requirements was reflected in the com-
parison. This section presents the structural analysis used in determining the weight

increments attributable to structural requirements of both radiators.

The maximum design loads for the radiators occur during launch. The two conditions
of interest during the launch trajectory are the times at which maximum lateral and

maximum axial accelerations occur. The load factors for these conditions are a
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EFFECT OF TUBE SPACING FOR
VAPOR CHAMBER FIN PRIMARY RADIATOR
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Figure 5-27. Effect of Tube Spacing for Vapor Chamber Fin Primary Radiator
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PERCENT PERFORMANCE CHANGE WITH PARAMETER VARIATION

EFFECT OF PRIMARY FLUID SLOT WIDTH ON
VAPGOR CHAMBER FIN PRIMARY RADIATOR
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EFFECT OF DUCT FIN THICKNESS FOR
VAPOR CHAMBER FIN PRIMARY RADIATOR
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EFFECT OF TUBE SPACING FOR
CONDUCTION FIN PRIMARY RADIATOR
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Figure 5-30. Effect of Tube Spacing for Conduction Fin Primary Radiator
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EFFECT OF DUCT FIN THICKNESS FOR
CONDUCTION FIN PRIMARY RADIATOR
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EFFECT OF NUMBER OF SLOTS PER TURE FOR
CONDUCTION FIN PRIMARY RADIATOR
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function of payload weight. For a payload of approximately 6000 pounds, the load

factors for the Atlas-Centaur launch vehicle are: (Ref. 6).

Axial Load Lateral Load
Factor Factor
Maximum axial acceleration condition 6.2 0.3
Maximum lateral acceleration condition 2.3 1.56

The assumed spacecraft weight of 6000 pounds is based on an allowance of 1000 pounds

for the radiator and 5000 pounds of equipment mounted above and supported by the

radiator.

For design purposes, the launch loads are most conveniently expressed in terms of

equivalent axial load.

Peq = Pax + = (b—=14)

where: Peq = equivalent axial load

P = axial load

ax

M = bending moment
R = radius of radiator

Because the bending moment is a function of radiator length, the equivalent axial load
is plotted for both launch load conditions as a function of radiator area in Figure 5-34.
Radiator area is related to radiator length by assuming a diameter of 110 inches, For
radiator areas greater than 200 square feet, the maximum lateral acceleration condi~

tion is more critical.
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The loads shown in Figure 5-34 are uliimate loads, including a Factor of Safety of 1.25.

The radiator areas and corresponding design loads used in the structural analysis are:

9 Equivalent
Area (ft") Shear Load (Ib) Axial Load (Ib)

Conduction fin radiator 475 10,900 94, 000

Vapor chamber fin radiator 508 10,900 99,000

The material used for structural elements of the radiators is assumed to be 6061-T6

with the following properties (Ref. 31):

Ultimate tensile S 42, 000 psi
Ultimate yield O‘ty = 35,000 psi
Modulus of Elasticity E = 9.9x 106 psi

The radiator temperature during launch is assumed to be 200°F. At this temperature,

the reduction factors on yield strength and elastic modulus are 0.92 and 0. 98, respectively.

5.3.2 CONDUCTION FIN RADIATOR

The conduction fin radiator as a structural element can be regarded as a stiffened shell
in axial compression, with the tubes acting as longitudinal stiffeners. The radiator was
analyzed using the CRASS computer code. This code, which was written specifically for
the structural analysis of radiators, considers local and panel instability modes as well
as general instability, These failure modes are defined in Figure 5-35. Although
buckling of the skin between stiffeners is permitted in many aerospace structures, it is
not permitted in the analysis presented here because the radiator may have a relatively

brittle coating on its surface for high emittance.

182



€81

MODE

DEFINITION

Local Instability

Panel Instability

Crippling

General Instability

Buckling of the skin between the boundaries
formed by the longitudinal and circumferential
stiffeners

Buckling of the longitudinal stiffeners by
bowing into one or more longitudinal halfwaves
between circumferential stiffeners

The final ultimate compressive failure of a
longitudinal stiffener which has a sufficient
support to prevent panel instability

The simultaneous buckling of skin, longitudinal
and circumferential stiffeners; the mode may
be asymmetric (diamond shaped buckles) or
axisymmetric (convolutions)

Figure 5-35. Failure Modes




As part of the analysis performed by the CRASS computer program, the spacing of
circumferential stiffening rings is determined fo maintain a positive Margin of Safety
in panel instability, and the rings are sized according to the Shanley criteria (Ref. 32).
The radiator, including the added stiffening rings, is then analyzed for general in-
stability using relations derived by Becker and Gerard (Ref. 33). The stresses and

Margin of Safety for a radiator with the cross section shown in Figure 5-36 are

summarized:
Ultimate design stress: 2929 psi
Local instability stress: 10,100 psi
Panel instability stress: 2955 psi
General instability stress: 13,200 psi
Margin of Safety: 1.%
Minimum spacing of stiffening rings: 37 in.

From the previous analysis, it is determined that a total of three stiffening rings,
weighing 8.7 pounds, are required in addition to the attachment rings at the top and
bottom of the radiator, and the ring joining the primary and secondary radiators. No

additional longitudinal stiffening is required.

An analysis of the conduction fin secondary radiator revealed that no stiffening rings

were required for this comparatively short section.

5.3.3 VAPOR CHAMBER FIN RADIATOR

The structural capability of the vapor chamber fin radiator lies primarily in the six
coolant ducts which act as longerons. The vapor chamber fins have negligible stiffness
in the axial direction, but contribute to the overall shear stiffness of the radiator.
Buckling of the vapor chamber fins must be prevented, not only fo avoid damage to the

coating, but also to prevent rupture of the vapor chamber tubes.

184



<

The coolant ducts shown in Figure 5~37 have a cross sectional avea of 0.686 in. and 2
moment of inertia of 6,0747 in. . Using data presented in Figure 5-35 the axial stress
in each duct (ongeron) is

99, 000

- 22990 o4 000 psi
Oy = Gx0.686 o+ 000psi

To prevent buckling of the ducts as an Euler column (Ref. 34) lateral support must be
provided at spacing no greater than:

1/2

2
_ (cn’El (5-15)
= (55)

where: L = column length
C = f{fixity factor, assumed 2
E = elastic modulus
1 = moment of inertia

P = axjal load

From this relation the maximum spacing allowed is 30 inches. As will be shown, the
stiffening rings required to prevent buckling of the vapor chamber fins are more closely

spaced than those of the conduction fin radiator.

The analysis of shear loads in vapor chamber fins can account for the bending stiffness
contributed by the vapor chamber tubes in the lateral direction by considering an
equivalent flat plate thickness. For the cross section shown in Figure 5-38a, the area
is 0.0557 in. 2 and the moment of inertia is 0.00069 in.4. In the latéral direction
(parallel to the vapor chamber tubes), the equivalent thickness is 0.181 inch, while in
the axial direction the equivalent thickness can be taken conservatively as that of the

fins alone, 0.021 inch. The combined equivalent thickness is:

E{} =,/ 0,181 x 0.021 = 0.0617 in,
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The critical shear buckling stress (Ref. 34) is:

2 t

ko E e

Yer T 2 < b ) (5-16)
12 1= )

where: k = buckling coefficient (9 for simply supported edges)
E = elastic modulus
u = Poisson’s ratio
b = radiator panel matrix width (see Figure 5-38b) effective in resisting

shear loads

Equation 5-16 can be reduced to the following:
AN
°cr "\ b

Asgsuming that the shear load is carried entirely by the two panels parallel to the direc-

tion of the shear load, the shear stress is:

_ P
s T 2at
e

ff

where: P = shear load

a = full panel width, 57.5 inches (based upon 110-inch hexagonal panel
envelope)

teff = effective panel thickness

The "effective'f thickness used in this relation is not the "equivalent" thickness based

on bending stiffnesses, but simply a measure of the average cross sectional area.
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Figure 5-38b. Radiator Panel Matrix



0. 0557 2
o e— 9 T
teff T4 00,0398 in

10 900 .
= = 23 i .
%s T @) (67.5) (0.0398) 80 Ibs/in

Using an unsupported panel matrix width of 1.06 inches, which is the distance between

vapor chambers, the critical shear stress can be calculated from Equation 5-16:

2
557 .
°CRr ~ <1.06) = 278,000 psi

Therefore, the induced shear stress is far below the critical.

In order to achieve a moderate margin of safety stiffening rings were added every 10.7

inches rather than the maximum allowable of 30 inches.

As a further check, the critical buckling stress of the fins between the tubes was cal-

culated, Using Equation 5-16 and a k of 1,0 the critical buckling stress is:

Scr 31,900 (i.e., not critical)

The following stresses and margin of safety are present with this design:

Axial stress in longeron: 24,000 psi
Shear stress in vapor chamber fins: 2,380 psi
Shear buckling stress between rings: 2,700 psi
Shear buckling stress between tubes: 31,900 psi
Margin of Safety: 1.3%
Column buckling stress of longeron: 40,200 psi
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A total of 19 stiffening rings in the primary and secondary vapor charober weighing 89
pounds, are required in addition to the attachment rings at the fop and bottom of the

fin radiator, radiator and the ring joining the primary and secondary sections.

The preceding analysis indicates that the conduction fin radiator is more suitable than
the vapor chamber radiator as a load bearing structure. However, in either case, the
weight of additional stiffening material required to enable the radiator o serve as the

primary spacecraft structure is less than the weight that would be required for a

separate structure.

The stresses in the radiator during launch are generally governed by buckling, well
below the ultimate strength properties of 6061~T6. It may be concluded, therefore,
that the selection of alloy and temper is not critical. The implication to manufacturing
considerations is that it may permit the use of 6061 in the as-welded condition where

heat treatment after welding is difficult.

The results described were obtained for radiators with survival probabilities of 0.999.
These structural relationships applied to the 0.99 survivability cases indicated that the
structural requirement is nearly proportional to radiator area. The conduction for
radiator tube spacing can be decreased to improve fin efficiency, the additional weight
to be added nearly equated by the increased structural capability of the tubes and the

reduction in meteoroid protective armor.

5.4 FABRICATION AND ASSEMBLY

5.4.1 VAPOR CHAMBER FIN RADIATOR
The vapor chamber fin radiator layout and design details are shown in Figures 5-39

and 5-40. A concept for fabrication and assembly is given in steps 1 through 8 below.

190



noke] udiseq 10jeIpEd aoequiey) Jodep °66-S oan8ig

©ANW~S WAL
N 3NYIQIWABLM

Nid NOWDErEY Lv3d

N

\ T X
A Lo
t i By (£37974-9 WAL )
i i ,” i i 1200 WIISNIRL AN i
!
. omdo e o 2l 2GTTVIANT  QYOTAY
i [
i il , " H ,.W
|
| 2 | " i
S T
it i it
oo
[ M

BOLWIANY  AVYWIBY FOLYIAYY  ABYANOIIS
SR %) I

e [=3-2r]

191



sTreje( USIseq 103elped Uid zoqurey) zodep “0F=G SIMBL

e AR

N

NOILYEC IR LI 5
e

Evary U\u.l\z\qmuﬂ
@,ﬂ.iz.@wuwm 3-q, RSVLISS
: 2Q0L WARAXHD e
L wOQA . —
\q . - . - /M T uy jﬂ:\\l\
/ r} . . . L + . .
. N ﬁ I
, M —h— / JOLIIAVY
ABYANOD IS TNV

I
@ { ,
SN L | / T
v//. m el A
gt QY } N NP - b
I QI3 onoves S0 7 V ININILHTN
WilM o N3 500 kY
— BOLNTATY
TITON  DNNILAT i ARG
F -QUIRANNG
= . SNEALY
SO TN - C IS umo xqma
MMTR Bk y
2, a0Ch
\szj Q333
) Y NOILDES
-
AN Y aQ0) .
N RN ) N
o LO0Q ABISNWAL  LVER
) o IR BTG
_— e
Ned it
NOLLTI I SN /( | .
_ U
4 S F@L WIAWVHD OLYA JoNy ANEREONLLY
SN NA NOWIIR 1vEn

M3 NOWTE IR PR Lt

192



5.4,1.1 STEP 1 Primary Coolant Duct (Figure 5-41)

The duct carrying the primary coolant (DC-200) is machined from aluminum bar.

5.4.1.2 STEP 2 Internal Fins (Figure 5-42)

The internal fins are shown as they would be fabricated by chem milling. Internal fins
would not necessarily be continuous for the length of the duct. Alternate concepts would
be to form corrugation from sheet material, or to machine slots in duct. If the fins are
made as a separate assembly, they must be joined to the duct for good thermal con-

ductance. Soldering or brazing could be used for this joint.

5.4.1.3 STEP 3 Assembly of Coolant Duct (Figure 5-43)

Assembly of the coolant duct is completed by welding in tubing connections for the feed

lines and welding cover plates and end plates to the duct.

5.4.1.4 STEP 4 Vapor Chamber Tubes (Figure 5-44)

The vapor chamber wicks are installed in the tubes with wire refainers. A plug is
welded in one end and a pinch-off tube in the other. At this point, the vapor chamber
may be checked for leaks and performance, but final charging with fluid must be done

at a later stage in the assembly sequence.

5.4,1,5 STEP 5 Fin Assembly (Figure 5-45)

Supports for the vapor chambers are welded to the fins.

5.4.1.6 STEP 6 Panel Assembly (Figure 5-46)

The coolant ducts, vapor chamber tubes, and fin assemblies are joined in a panel
assembly by brazing. The vapor chamber tubes will be brazed into holes in the cool-
ant ducts, and to tube supports on the fin assembly. Edges of the fin assembly will be

brazed to the coolant ducts.
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Figure 5-4l. Vapor Chamber Fin Radiator Assembly Sequence Step 1

CHEM MILLED FINS

INTERNAL  FINDS

Figure 5- 42. Vapor Chamber Fin Radiator Assembly Sequence Step 2
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Figure 5-43. Vapor Chamber Fin Radiator Assembly Sequence Step 3

VAPOR CHAMBER TUBE

END CAP

, - CHAMBER

WICK

PINCH OFF TURE.

Figure 5~44, Vapor Chamber Fin Radiator Assembly Sequence Step 4
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5.4,1.7 STEP 7 Frame Asgsembly (Figure 5-47)

The attachment rings, intermediate stiffening rings, and covrner splice angles are

assembled as a riveted frame.

5.4.1.8 STEP 8 Final Assembly (Figure 5-48)

Tinal assembly of the radiator consists of riveting the individual panels to the frame
assembly. Structural attachment between the primary and secondary radiators is

completed by bolting the end plates of the coolant ducts together.

5.4.2 CONDUCTION FIN RADIATOR
The conduction fin radiator layout and design details are shown in Figures 5-49 and

5-50. A concept for fabrication and assembly is given in steps 1 through 6 below.

5.4.2.1 STEP 1 Parts Fabrication for Coolant Duct (Figure 5-51)

Each coolant duct is made up of four elements: a machined channel, internal fins, a
cover plate, and bushings for inlet and outlet connections. The internal fins are shown
as they would be fabricated by chem milling., Alternate concepts would be to form

corrugated fins from sheet material, or to machine slots in the channel.

5.4.2.2 STEP 2 Assembly of Coolant Ducts (Figure 5-52)

The internal fins are soldered into the channel for good thermal conduction. A suitable
solder for this joint would be a 95% zinc, 5% aluminum composition. An alternate would
be to use aluminum brazing. The assembly of the ducts can now be completed by
welding the bushings to the cover plate, and the cover plate to the channel. Remelting
of the solder during welding would be tolerable provided the ducts remain level and

significant flow of the solder does not occur.

5.4,2.3 STEP 3 Assembly of Panel Headers (Figure 5-53)

The panel headers are formed tubes with bushings for pigtail connections to the tubes.

All joints are welded, including the plug in the dead end.
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Figure 5-52. Conduction Fin Radiator Assembly Sequence

202



— BB EINGS
CTYP, T e AL ESY

B LS
WELD
TUBING
we.LbD
pevaiL: A
MANIFOLD
- 3 * k3 =3 ES =& w\]

TEE oeTAIL T A

Figure 5-53. Conduction Fin Radiator Assembly Sequence Step 3

203




5.4,2,4 STEP 4 Attachment of Fins (Figure 5-54)

The tuhes are welded to the fing., Detail A shows the weld joint that would be used if
the fin were made from a single sheet. The alternate joint shown allows a simpler
weld, but requires more jigging becatse the fing are made up of a geries of sirips.

The Z rings for structural stiffening are-riveted to the fins and cut out to clear the

tubes.

5.4.2,5 STEP 5 Pigtail Comnections (Figure 5-55)

The tubes are connected to the inlet and outlet headers with short 'pigtail' sections of
tubing. The pigtails are welded to the bushings in the headers and tubes with a portable
tube welder having an orbiting head. Alternate joining techniques are brazing, solder~
ing or adhesive bonding. The headers for each panel are supported by clamps and
brackets rivetted to the fins. There are inlet and outlet headers for each of the two

redundant loops.

5.4,2,6 STEP 6 Final Assembly (Figure 5-56)

Final assembly of the radiator consists of riveting the individual panels to attachment
rings and riveting longitudinal splices between panels. The "Z'" ring sections on each

panel would also be spliced by riveting.

5.5 WEIGHT COMPARISON

The weight summary presented in Table 5-6 compares a vapor chamber fin radiator

with a conduction fin radiator. The significant ground rules for the comparison are

listed in Table 5-7.

2
The area penalty of 3 1b/ft” was included as a means of incorporating the effect on the
system weight of the presence of additional radiator area. In reality this penalty is

made up of added shroud, structure, fittings, piping insulation, etc.
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Figure 5-56. Conduction Fin Radiator Assembly Sequence Step 6

207




TABLE 5-6.

RADIATOR WEICHT SUMMARY (LB)

Survival Probability
Primary Radiator

DC-200 ducts
Internal fins

Duct bumpers
DC-200 coolant
Headers

Fins

Vapor chamber tubes
Wicks and coolant
Vapor chamber supports
Panel splice joints
Interface rings
Stiffening rings

Secondary Radiator
Basic radiator
Interface rings

Stiffening rings
Panel splice joints

Total Weight (Ib)

Area, primary
secondary

Total Area (ftz)

Vapor Chamber

Conduction Fin

Fin Radiator* Radiator*
0.999 0.99 0.999 0.99
89 190
10.5 ——
9.3 -
8.5 8
e 6.1
113 311
61 o
28 e
44 ——
15.7 14.9
11.8 20.8
65.8 8.7
456.6 455, 0 559.5 441.0
109 145
12.8 10.4
23.3 ——
5.3 5.0
150.4 145.0 160.4 136.0
607.0 600.0 719.9 577.0
379 377 355 344
127 127 122 122
506 504 477 466
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*See Table 5~7 for radiator ground rules.

be the baseline radiator design.)

(The 0.999 cases were considered to




TABLE 5-7. GROUND RULES FOR RADIATOR WEIGHT COMPARISON

Primary heat rejected 12.39 kwi
Secondary heat rejected 2,19 kWt
Inlet temperature, primary 2880F
Inlet temperature, secondary 118°F
Sink temperature -10°F
Emissivity 0.85

Meteoroid survival probability

(one of two DC-200 loops surviving) 0.999*
0.99
Survival time 5 years
Area penalty 3 Ib/ft2
Shroud envelope 110 in. dia.

Launch loads: Correspond to Atlas-Centaur trajectory with 5000
pound mass mounted on top of radiator
(6000 pound mass includes radiator)

*Combined probabhility for both primary and
secondary radiators, divided as follows:

Primary: 0.9992 0.992
Secondary: 0.9998 0.998
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SECTION 6

VAPOR CHAMBER TEST PROGRAM

6.1 GENERAIL DISCUSSION

The prime objective of the radiator design study was to identify a promising Brayton
cycle vapor chamber radiator. To achieve this objective, it was necessary to design
and evaluate representative vapor chamber/fluid configurations for inclusion in the
preliminary radiator designs. Working fluid selection and materials compatibility
testing was performed as described in Section 4. The Radiator Design is described in
Section 5. This section is prepared for the purpose of describing the vapor chamber

(heat pipe) test program,

Before a detailed discussion of the test program, a brief discussion of typical vapor

chamber operation and significant test parameters is presented.

Consideration of the physical phenomena occurring within a vapor chamber reveals that
three internal temperature drops are induced by the energy transfer process: the evapo-
rative temperature drop at the heat input section, the axial temperature drop in the
vapor, and the condensing temperature drop. For the fluids and the temperature levels
of interest, the static pressure loss in the vapor is small so that the axial vapor tem-
perature drop is negligible. Therefore, only two temperature drops were measured and

of these the evaporative AT was expected to be significantly larger.

Data for pool boiling heat fluxes versus the boiling AT have been obtained for many
fluids including water and various organic liquids. These investigations have shown
the dependence of the boiling temperature drop on hoth the heat flux and absolute tem-
perature level. Rohsenow (Ref. 35) has presented this data for water and Cichelli and

Bonilla (Ref, 36) were able to correlate these relationships for many organics with an
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empirical expression. In all cases, the AT showed a logarithmic relationship to the
heat flux. It is also true that the boiling AT was sensitive to the fluid temperature level
due to the variation in the equilibrium vapor pressure and density with temperature.
Increasing the temperature level results in a decrease in the boiling AT for the same

heat flux; this phenomena is especially magnified at small values of reduced pressure.

The condensing temperature drop arises from the temperature loss across the vapor-
liquid interface and from conduction through the condensate film on the walls of the pipe.
For the fluids under consideration, the relatively poor thermal conductivities make the
latter effect the more significant of the two. The difficulty in analytically predicting

the value of the condensing temperature drop becomes one of estimating the liquid film
thickness. For the situation in which the condenser walls are lined with a wick the
condensate film thickness can be assumed to be equal to that of the wick thickness. In
the case of the cruciform wick, the average condensate film thickness in a one-g en~
vironment becomes extremely difficult to predict. The low heat fluxes in the condenser

section can be expected to yield small AT's, as compared to the boiling AT.

6.2 TEST PROGRAM OJBECTIVES

The objectives of this test program were to:

1. Produce single vapor chambers capable of operation in the temperature range
of 20 to 350°F using several selected working fluids for various portions of
this total range

2. Demonstrate the operation of the vapor chamber for the conditions and
geometry defined previously

3. Test these vapor chambers to evaluate internal fluid dynamic and heat
transfer performance compatible with performance requirements of the
radiator design and predicted analyses by achieving objective 2 above.

Although the main objective of the test was the demonstration of the operation of the

vapor chamber for the conditions and geometry defined earlier in the program, a



substantial effort was made to obtain experimental data which would reasonably support

the performance predicted by the phenomena described in Section 6.1.

The testing of the single vapor chambers was specifically directed toward determining

the following operating characteristics:

1. The evaporative temperature drop AT
2. The condensing temperature drop AT c
3. Limiting nucleate boiling heat fluxes
4., Vapor temperatures

5. Fluid pumping capabilities

The fluids used in the test program were selected from the results of the "Thermal

Testing of Candidate Vapor Chamber Working Fluids" discussed in Section 4.

Ammonia, water, benzene and n-pentane were tested with the cruciform wick design

and benzene was again tested with the "C" wick design.

6.3 VAPOR CHAMBER TEST CONFIGURATIONS

6.3.1 DESIGN CONSIDERATIONS

The design of the test vapor chambers reflected the knowledge gained in previous parts
of this study and was also influenced by the practicalities imposed by instrumentation
requirements. The length of the test vapor chamber was determined by the interaction
of the radiator with the launch vehicle. A change in radiator design could have resulted
in shorter or longer chambers; however, the design chosen was shown to be optimum
from thermal and structural considerations, Cylindrical vapor chamber geometry, as
opposed to a rectangular cross section, was chosen because of the inherent internal

pressure strength advantages of this design.
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The vapor chamber diameter has been shown to exert a sizable effect on the radiator
weight and area., Decreasing the vapor chamber diameter resulls in a reduction of
vulnerable area to meteoroid penetration with the attendant loss in armor weight. How-
ever, insufficient vapor flow area can cause significant frictional pressure drops in

the condensing vapor with a reduction in the effective radiating temperature. The
parametric analyses described in Section 5.2 showed a vapor chamber inside diameter
of 0.300 inch to be optimum from the standpoint of system weight. For the test vapor
chamber, this diameter was increased to 0.500 inch in order to facilitate instrumenta~

tion procedures.

The design of the test vapor chambers was influenced by a number of additional factors.
A low vapor velocity is desirable to avoid refluxing condensate entrainment in the vapor
flow. Low vapor velocities also permit simpler, lighter-weight reflux capillary struc-
tures (wicks). A criterion used is the Weber number which is based on liquid phase
surface tension, ¢, reflux capillary characteristic dimension, d, vapor velocity, V,
and vapor density, p,. The expression obtained is

d pV V2

= 6-1
NWe og, (6-1)

If this parameter is less than one, the vapor flow dynamic entrainment forces in the

reflux flow are less than the surface tension forces.

Liquid refluxing must occur in sufficient quantities to continue vaporization of the con-
densate at the evaporator (heat input) end of the vapor chamber. Insufficient refluxing
will cause thermal runaway and eventual burnout of the heated wick. Design factors
aiding the refluxing process and likewise the heat pipe operation can be inferred by an
analysis of the fluid pumping equations. These relations have been presented in

Section 4.
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6.3.2 VAPOR CHAMBER DESIGN

Vapor chambers of two different design configurations were selected for the test pro-
gram. Both designs were based on the same tube diameter and length dimensions as
shown in Figure 6-1. The differences were in the wick design. Vapor chamber Design
No. 1 employed a cruciform refluxing wick (Figute 6-1) and chamber Design No. 2 a
"C" wick (Figure 6-2). Tube material in all cases was 6061 aluminum except for the
chamber where water was employed as the working fluid. A copper tube was used in
this case. Tube end closures were 3003 aluminum with the exception of the water heat
pipe, which used 304 stainless steel. Wicks were fabricated from aluminum with stain-

less steel wire cloth for the water chamber.

The designs selected do not necessarily represent the optimum chamber/wick configu-
ration insofar as wick design, chamber size, material choices or performance are
concerned. They are, however, selections of proven capabilify, and considered repre-
sentative of the types of chambers that would be used for space radiators operating in

the low temperature regime.

6.3.2.1 Cruciform Wick Design

The cruciform wick design incorporates a five-layer 130 x 130 mesh aluminum cruci-
form refluxing wick and a three-layer cylindrical evaporative wick fitting tightly between
the heated portion of the tube wall and the four legs of the refluxing wick (Figure 6-1).
The advantages of this design are:

1. It leaves a high percentage of the wall area available for direct condensing
heat transfer through the thin film of liquid formed on the wall.

2. It exploits the axially short multiple layered ring evaporative wick which has
proven to have very good vaporizing performance.

The effective spacing between the layers of refluxing wick is approximately 10 mils.
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6.3.2.2 "C" Wick Design

The ""C" wick degign is a conventional 150 x 150 mesh stainless steel cylindrical wick
of 20 layers fitting against the tube wall along the entire tube length., An axial gap
occurs in this wick along the entire length over approximately 3/16 in. of the tube
periphery as shown in Figure 6-2. This gap is intended to facilitate access of the
vapor to a portion of the cooled wall and eliminate the necessity for transferring all
the rejected heat through the twenty layers of wick. With minimum inventory the film
of condensate covering the wall area of this gap is, at the gap center, quite thin. The
average effective interlayer spacing of the "C'" wick is approximately 0. 003 inch. The
"C" wick design requires no reflux flow transition between refluxing and evaporative
sections because the wick is common throughout the length of the tube. Better reflux~-

ing characteristics can be expected.

6.4 TEST PROGRAM

6.4.1 TEST SET-UP
The fest loop as configured for each vapor chamber test is shown schematically in

Figure 6-3. An actual photograph of the test set~up in operation is shown in Figure 6-4.

The vapor chamber is mounted within a heat exchanger through which is flowed Coolanol
15 heat transfer fluid. A second heat exchanger is included in the loop which is used
for removing heat from the Coolanol. The second heat exchanger is connected to a shop
air line and also to a liquid nitrogen dewar, so that either air or cold nitrogen can be
used as a coolant. All flow tubing with the exception of the portion of the loop between

inlet T Cr and outlet T . thermocouples is wrapped with heating cable and is lagged with

CcoO
insulation. As much as 50 watts of power can be applied to the evaporator section of
the vapor chamber by a copper heater block with embedded cartridge heaters. The

heater is designed to split into two halves that are clamped around the evaporator section.
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Figure 6-5 shows the fest vapor chamber installed in the heat exchanger with the heater
clamped at the evaporation end. The disassembled heat exchanger unit is shown in
Figure 6-6 together with the vapor chamber sealing glands and heater block. The heat
exchanger and sealing glands serves as a manifold for the Coolancl. The Coolanol is
forced through the series of holes into the inner chamber which completely surrounds
the heat rejection section of the vapor chamber. After passing over the chamber, the

Coolanol exits through another series of holes into the exit side of the loop.

The complete heat exchanger, heater and vapor chamber assenibly were carefully insu-

lated and contained inside the steel box shown in Figure 6-4,

6.4.2 INSTRUMENTATION
The test loop instrumentation consisted of a rotameter type flowmeter, various thermo-

couples, a wattmeter for measuring input power, and data recording equipment.

The flowmeter was inserted in the Coolanol line to measure coolant flow. Flow im~
mersed sheath type thermocouples were inserted in the vapor chamber test unit inlet
and outlet flow streams. Flow through the flowmeter was measured as a function of
temperature and percent reading. The percent reading directly related to heat transfer

capability of the coolant for a specified flow and inlet temperature.

A sheath-type thermocouple was clamped in a notch between the vapor chamber and one
of the heater block halves. It measured the temperature of the heater/vapor chambey
interface. Three thermocouples were attached to the vapor chamber itself with leads
projecting through the two access flanges shown in Figure 6-5 (Part No. 11 was not
used and the thermocouple was attached to the tube wall at this location). This latter
thermocouple was used to measure the chamber vapor temperature, and was used in
place of a thermocouple in the well shown in the evaporator end tube closure in Figure
6-5. The thermocouple location was changed as it was found that the well wall was in

better thermal contact with the heater block than with the vapor so the vapor temperature
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was obtained from the insulated portion of the chamber wall beyond the end of the heat
exchanger.

The two thermocouples opposite the access flanges (Figure 6-5) measured the vapor
chamber cooled wall temperature. All thermocouples were chromel-alumel type and
were carefully calibrated over the operating range. This was accomplished by use of
an oil bath and a mercury thermometer accurate to 0. 5°F. Attachment of the vapor
temperature and cooled wall temperature thermocouples to the chamber wall was ac-
complished by use of epoxy because no reliable procedure for spot-welding chromel-

alumel thermocouple wire to aluminum was found.

6.4.3 TEST PROCEDURE
Performance tests were made with each working fluid @mmonia, water, benzene,
n-pentane) utilizing the cruciform wick design in a horizontal and tilted position. Only

benzene was tested with the "C" wick. Fluid inventory of the vapor chambers tested

was as follows:

Cruciform Wick Design "C'" Wick Design
Ammonia 25 cc Benzene 35 ¢cc
Water 28 cc
Benzene 35 cc
n-Pentane 35 cc

Heat input power to the cruciform wick vapor chambers was applied at three levels:
12.5 watts, 25 watts and 50 watts. These settings correspond to an input heat flux of

9200, 18,400 and 36, 800 Btu/hr~ft2, respectively.
Heat losses could occur in several locations, such as the heat lost from:

1. The heater directly to the insulation, steel case and ambient air

2. The vapor chamber to the heat exchanger shell
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3. From the Coolanol fluid through the flow tubing before arriving at the
thermocouple junctions.

A determination of heat loss was made by measuring inlet to outlet AT at a stable oper-
ating point where the Coolanol temperafure was maintained essentially constant with

no heat input from the heater to the vapor chamber. A series of tests at input power
levels of 0, 12.5, 25 and 50 watts were made at a nearly constant average Coolanol
temperature. For these various power levels at these conditions the losses remained
substantially constant. Output power computation including losses, measuring the
product of Coolanol flow rate, inlet to outlet AT, density and specific heat, was usually
within one watt of the input power. A conclusion to be made is that losses direct from
the heater block to the ambient air were apparently very small compared to the losses

from the heat exchanger shell.

Vapor chamber performance tests in the horizontal position were completed hefore
tilting. The sequence in the horizontal position included initial testing at a power level
of 12,5 watts operating at a selected low vapor temperature by adjustment of the Coolanol
inlet temperature. After stabilization and taking of measurements, the inlet tempera~
ture was adjusted to increase the vapor temperature in several steps over the range
specified for testing and within the limits of the test hardware. The test program was
designed to evaluate performance of ammonia vapor chambers with vapor temperatures
as high as 1500F., The vapor temperature range for the other fluids was limited from
150 to 300°F. Increases in power level were made after the range of vapor tempera~

tures were achieved for the previous power level setting.

Stabilization of Coolanol inlet and outlet temperatures required at least an hour for each
setting because of the low flow rate and the large quantity of heat stored in the heat ex~
changer as compared to the heat input rate. Vapor chamber heat transfer AT's (heater
block temperature minus vapor temperature, and vapor temperature minus cooled wall

temperature) stabilized much more rapidly than did Coolanol temperatures.
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The only change in procedure for the benzene "C'' wick configuration involved the
limitation of input power levels due to heat transfer burnout of the heated wick at

. 2 . .
approximately 18, 000 Btu/hr~ft" with the fixed size heater block. Accordingly, input

power levels of 12.5, 18.75 and 25 watts were used for this vapor chamber test.

Following testing in the horizontal (level) position the vapor chambers were tilted
(evaporator end high) by one diameter (1/2 inch), Figure 6-7. The primary purpose of
these tests was to evaluate the pumping (refluxing) capability in an environment that

more closely approximates zero g.

TILT ONE DIAMETER “'
HORIZONTAL
QIN
B v
e e e e e R — e —— i S - j i
REFLUXING

_EVAPORATOR

QOUT

/2" DIAMETER___|

Figure 6-7. Vapor Chamber Tilted Position

For test purposes, it was assumed that good refluxing of the fluid in the chamber at
normal operating power levels when tilted one diameter is reasonable evidence of po-
tential zero g operability. The procedures used inthe tilted tests usually involved the
application of heater power at 25 or 50 watts for a duration sufficient to monitor and
determine the heater block and vapor temperature. In cases which burnout of the
evaporator wick occurred (the heater block temperature rose with no change in the

vapor temperature), lower power levels were used and/or the chamber tilt was lessened




until performance became normal, These tests were followed by a determination of
minimum fluid inventory levels. Vapor was incrementally bled off from the tube until
heater block temperature increased uncontrollably. Inventory was then determined by

weighing.

6.5 TEST RESULTS

6.5.1 TEST DATA

The successful transfer of energy from the heater block to the Coolanol demonstrated
the feasibility of the low temperature vapor chamber Brayton cycle radiator concept.
In particular, ammonia and water were shown to possess excellent capillary pumping
capabilities. Although n-pentane and benzene exhibited marginal pumping capabilities,
it seems reasonable to conclude from the analytical predictions (refer to Section 4)
that these fluids could provide acceptable refluxing capability. This might be achieved
by different wick geometries and/or materials. A partial substantiation of this idea
was provided by the test of the "C' wick with benzene. Better anti-gravity refluxing

than the cruciform design was demonstrated during the test.

Tables 6-1, 6-2 and 6-3 present the total reduced data taken during the test period.
The evaporative and condensing heat flux values given are based on the input power and
the tube ihside wall area of the evaporative and condensing sections of the vapor cham-
ber. This practice was followed after verifying that there were minimum losses of
heat from the heater block as there was a close check (within 1.5 watts in all cases)
between input power and output power, where output power was a product of Coolanol
flow characteristics. The condensing AT is based on the average differences between
the vapor temperature and the temperature of the cooled tube wall as measured by the
two tube wall thermocouples. The evaporative AT is based on the difference between
the temperature of the thermocouple wedged between the heater block and the tube,

and the thermocouple on the insulated tube wall outside the cooled section of the vapor

chamber.
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TABLE 6-1. STANDARD INVENTORY LEVEL POSITION DATA
CRUCIFORM WICK HEAT PIPES
Bvaporative | Conductive Twall Tyapor | Tvapor-Twall
Vapox Heat Heat Evaporative Condensing Over-
Temp. Power Flux Flux ATy AT e all Inventory
o (Matts) | Btu/hr/fe? | Bru/be/fe? (OF) (oF) AT (ce)
157.5 12,5 9200 174 10.1 0.3 10.4 28
163 25.0 18,400 348 13.9 0.6 14.5
174 50.0 36,800 696 22.0 1.2 23.2
200.5 12.5 9200 174 9.7 0.3 10.
204.3 25.0 18,400 348 12.2 0.6 12,8
214.3 50.0 36,800 696 20.4 1.2 21.6
WATER
230.7 12.5 9200 174 9.3 0.3 9.6
238.6 25.0 18,400 348 11.9 0.7 12.6
246.0 50.0 36,800 696 19.8 1.2 21.0
274,2 12,5 9200 174 9.2 0.3 9.5
280.7 25.0 18,400 348 12.3 0.6 12.9
295.0 50.0 36,800 696 20.5 1.3 21.8 V
53.5 12.5 9200 174 8.4 0.5 8.9 25
58.2 25.0 18,400 348 10.2 1.1 11.3
68.4 50.0 36,800 696 15.7 2.5 18.2
97.2 i2.5 9200 174 7.8 0.6 814
AMMONIA 103.3 25.0 18,400 348 9.1 1.2 10.3
93.5 50.0 36,800 696 15.5 2.5 18.0
132.0 12.5 9200 174 7.5 0.5 8.0
140.1 25.0 18,400 348 8.5 1.2 9.7 ]
144.6 50.0 36,800 696 13.5 2.4 15.9
155.8 12.5 9200 174 14.0 1.5 15.5 35
164.4 25.0 18,400 348 20.1 2.9 23.0
178.3 50.0 36,800 696 27.2 5.6 32.8
230.7 12.5 9200 174 13.8 1.4 15.2
237.6 25.0 18,400 348 19.4 2.9 22.3
251.0 50.0 36,800 696 23.1 5.6 29.7
BENZENE
227.0 12.5 9200 174 14.9 1.4 15.5
215.5 25.0 18,400 348 19.3 2.8 22.1
232.8 50.0 36,800 696 24,0 5.7 29.7
272.9 12.5 9200 174 14.0 1.4 15.4
282.1 25.0 18,400 348 19.0 2.9 21.9
286.7 50.0 36,800 696 24,0 5.7 29.7 ]
144.0 12.5 9200 174 9.0 1.4 10.4 35
150.3 25.0 18,400 348 13.1 2.7 15.8
165.2 50.0 36,800 696 i9.0 5.5 24,5
189.1 12.5 3200 174 9.4 1.4 10.8
198.4 25.0 18,400 348 12.1 2.9 15.0
n- 210.5 50.0 36,800 696 17.1 5.7 22.8
PENTANE
233.2 12.5 9200 174 8.8 L.4 10.2
240.6 25.0 18,400 348 12.1 2.7 14.8
255.2 50,0 36,800 696 17.6 5.5 23.1
269.6 12.5 9200 174 9.0 1.4 10.4
278.5 25.0 18,400 348 12.1 2.8 14.9
293.0 50.0 36,800 596 21.0 5.5 26.5

227




8460

TABLE 6-2. TILTED, REDUCED INVENTORY OPERATING POINTS CRUCIFORM WICK

*Inventory
Level

(cc)

Amount of
Tilt
(Inches)

Power
(Watts)

Vapor
Temp.
(°F)

ATy

Twall Tvapor
Evaporative
T (°F)

ATe
Tvapor Twall
Condensing

T (°F)

REMARKS

WATER

14.1
14.1

1/2
1/2

25
50

245
251.9

16.0
27.3

O
w W

50 watts input power
was applied, and
measured data indi-
cated no change in
overall performance
from level operationm.
The results demon-
strated capability for
operation in zero g.

AMMONTIA

15

1/2

25

113

11.5

1.0

12.5

25 watts input power
was applied, and
measured data indi-
cated no change in
overall performance
from level operation.
Results give evidence
of good operability
with minimum inven-
tory in zero g. Min-
imum inventory 10.2cc

BENZENE

22

1/4

50

250

28

5.5

33.5

Thermal runaway at 25
& 50 watts in %° tilt.
50 watt %° tilt oper-
ation successful. Zero
g operability inclu-
sive, Minimum opera-
ting inventory was
20.1 cc

PENTANE

23

1/4

27

249

15.0

2.6

17.6

Thermal runaway at 25
& 50 watts in %© tile.
30 watts at %© tilc
appeared to be limit,
Zero g operability
inclusive minimum op-
erating inventory was
20.6 cc

*Wick Saturation Level - 15 cc
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TABLE

6-3. BENZENE "C'" WICK CONFIGURATION HEAT PIPE PERFORMANCE

(TILTED 1/2 INCH, 30 cc INVENTORY)

Vapor Evaporative Conductive Over-

Temp. Power Heat Fluxz Heat Flux2 AT, ATe all

(%) (Watts) (Btu/hr-£r*) (Btu/hr-£r*) (°F) (°F) ATt REMARKS

148.8 12.5 9200 1000 22.5 4,2 26.7 Operation at 25 watis was
only possible with vapor
temperature of nearly 300°F

151.8 18.75 13,800 1500 84.9 6.7 91.6 Limiting factor appeared
to be thermal burnout of
evaporative wick as tilt
did not effect the limitc-
ing value.

297.9 12.5 9200 1000 18.4 4.1 22,5 Minimum inventory was
30 cc and is approximately
saturation level

300.5 18.75 13,800 1500 31.3 6.5 37.8 "C" wick demonstrated good
anti-gravity refluxing per-
formance at 25 watts.

299.3 25 18,400 2000 102.5 8.0 110.5




The evaporative temperature drops recorded at the vapor chamber input section were
lower than those predicted by the Cichelli and Bonilla correlation. These unexpected
results could not be explained by the boiling mechanisms described in the literature
for pool boiling. Although it is possible that the presence of the wick is improving the
evaporative heat transfer, no plausible mechanism has been advanced to support this
explanation. In addition to the deviation from the expected results, the test data did
not show the sensitivity of the AT with the absolute temperature level. A comparison
of the experimental data with the correlation of Cichelli and Bonilla for organic fluids

and with Rhosenow's data for water is shown in Figures 6-8 through 6-11.

The fact that the evaporator AT's were very small indicates that nucleate boiling was
present to some degree. Conduction through the evaporator liquid with evaporative
mass transfer would have imposed AT's an order of magnitude greater than that experi-
enced due to poor fluid thermal conductivities. However, a substantial portion of the
evaporator apparently did not experience nucleate boiling as "burn out" did not occur
even in the tilted operating position. This implies the existence of capillary forces
which would not be present if the only mass transfer mechanism were boiling. There-
fore, the mass transfer phenomena occurring in the evaporator was judged to be a

combination of nucleate boiling and evaporation.

The data obtained for the condensing temperature drop is shown in Figure 6-12 for the
cruciform wick. As previously stated, this temperature drop is caused primarily by

conduction through the condensate film.

Using the Fourier conduction equation, which is accurate as long as the film thickness

is small, the condensate film thickness is equal to:

k AT

XprIm ~ @/A)

(6-12)

where k is the effective thermal conductivity of capillary structure an q/A is the heat

flux.
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Figure 6-8. Water Heat Pipe (Cruciform Wick Configuration)
Thermal Flux Versus Evaporative AT
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Figure 6-9. n-Pentane Heat Pipe (Cruciform Wick Configuration)
Thermal Flux Versus Evaporative AT
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Figure 6-10. Benzene Heat Pipe (Cruciform Wick Configuration)
Thermal Flux Versus Evaporative AT
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Figure 6-11, Ammonia Heat Pipe (Cruciform Wick Configuration)
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The results obtained are shown in Table 6-4 below.

TABLE 6-4. CONDENSATE FILM THICKNESS

Film Thickness, in.
Condensing
Flux,
Btu/hr-{t

Fluid 700 500 200
H20 0.00802 0.00786 0.00819
NH3 0.00943 0.00986 0.00793
C()'HG 0.00783 0.00788 0.00817
n-—CSle 0.00660 0.00655 0.00672

Figure 6-13 shows the overall AT versus the evaporative heat flux for the benzene "C"

wick configuration.

6.5.2 TEST ACCURACY

The source of the discrepancies observed between the test data and the data found in

the literature cannot be determined precisely. The most likely explanation for the
disparities would appear to be in the readings of the thermocouples at the heat input
section and in the vapor space. The two thermocouples attached to the condenser wall
showed good agreement. The reasonable and consistent data obtained for the condensing
AT infers that the vapor temperature measurement is fairly accurate; errors of several
degrees in this measurement still could not explain the evaporative AT discrepancies
without contradicting the results for the condensing AT's. Poor thermocouple contact

at the heat input section would explain the difference between the test data and the data

cited in the literature. Insulation heat losses may also be a contributor.
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6.6 TEST CONCLUSIONS

The following conclusions presented are primarily based upon an evaluation of the ob~

jectives as defined in Subsection 6.2.

All working fluids tested exhibited satisfactory performance in the level posi-
tion with the cruciform wick vapor chamber as identified in Figure 6~1.

The "C' wick vapor chamber, Figure 6-2, operated satisfactorily. Its heat
transfer performance is not expected to be as good as the cruciform wick in
the level position due to the somewhat higher condensing AT's through the
liquid/wick layer on the tube wall,

The "C" wick vapor chamber exhibited better refluxing capability than the
cruciform wick in the tilted position.

The cruciform wick vapor chamber exhibited questionable zero g performance
with n-pentane and benzene working fluids. This observation indicates that

the cruciform wick presents a higher flow resistance path than the "C'" wick
design. Since n-pentane and benzene possess only marginal pumping capability,
these fluids were affected significantly by the cruciform design. An implica-
tion of this result is the possibility that the space between the smooth pipe

wall and first wick layer (not present in the cruciform design) provides a low
resistance return flow path.

Ammonia and water exhibited the lowest overall AT and are expected to offer
the best heat transfer performance. The comparatively high thermal conduc-
tivities of water and ammonia are responsible for this result. n-Pentane's
test performance was good except for inconclusive zero 'g" operability.

Better instrumentation, in particular vapor temperature, is required to ac-
curately determine AT c and ATV. Insulation heat losses avre difficult to
accurately measure,

Temperatures obtained at the evaporator were probably somewhat inaccurate
due to somewhat poor thermal contact.

Ammonia is a good working fluid for operating temperatures up to 150°F and
showed good compatibility with aluminum.

Configurations considered for the flight or test systems should not be limited

to the cruciform or "C" wick designs. The "C" wick design could be incor-
porated with a different evaporator configuration.
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SECTION 7

VAPOR CHAMBER RADIATOR EVALUATION AND CONCLUSIONS

7.1 GENERAL

The purpose of this program was to identify a promising Brayton Cycle Vapor Chamber
Radiator capable of operating in a zero gravity environment. The design derived from
the study was then to be evaluated with a comparable conduction fin radiator to deter-

mine whether significant performance advantages could be obtained.
Detailed results of the evaluation of fluids, materials, radiator design and performance
are contained in Sections 4, 5 and 6. This section contains a summary of the evaluations

and conclusions to be made.

7.2 EVALUATION CRITERIA SUMMARY

Selecting the operating working fluids for the range of temperatures from 20'to 35OOF

involved a number of evaluation criteria. The key parameters of interest are:

1. Fluid Performance
a. Evaporative AT
b. Condensing AT
c. Zero gand one g refluxing capability
d. Moderate Vapor Pressures

e. Thermal stability and operation over prescribed temperature ranges and
heat fluxes of primary and secondary radiafors.

B
N

Compatibility with aluminum
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The radiator design comparison evaluation criteria is comprised primarily of the

following:

1. Radiator weight and area

a. Thermal efficiency

b. Meteoroid survival probability

c. Structural capability

d. System pumping power penalty
2. TFabrication

a. Complexity

b. Degree of difficulty

c. State-of-art

7.3 EVALUATION SUMMARY

The evaluation of the candidate working fluids for compatibility with aluminum resulted

in the following selections:

GOOD COMPATIBILITY INCOMPATIBILITY
Ammonia Water
Benzene Alcohols
Propane Pyridine (CP-32)
n-Butane CcP-34
n-Pentane
n~Heptane
n~Nonane
Freon 11, 113
Toluene

Material compatibility was considered an essential requirement and thus fluids judged

incompatible with aluminum were eliminated from final consideration.



An evaluation of fluid thermal performance characteristics independent of material in-

compatibility provided the following fluid selection (Table 7-1).

TABLE 7-1. FLUID SELECTION

High Temperature Operation (100 to 3500F)

Choice Fluid Overall Performance Parameter Comments

First Water Very good at higher temperature Incompatible with A1

Second | n-Butane Good over desired temperature range Inadequate refluxing

Third n-Pentane| Fair to good (somewhat better than Marginal refluxing

benzene)

Fourth | Benzene Fair to good Satisfactory refluxing
Low Temperature Operation (20 to 1500F)

Choice Fluid Overall Performance Parameter Comments

First Ammonia Very good by a substantial margin

Second | Water Fair (Good Refluxing) Incompatible with A1

Third Freons Fair

The final selections made, considering all the criteria, indicated that a use of n-pentane

is most desirable for the high temperature regions of the primary radiator. Ammonia

was clearly the choice for low temperature sections of both the primary and secondary

radiators. Although water exhibited excellent performance over a wide range of oper-

ating temperatures, it could not be considered due to its known incompatibility with

aluminume.

The evaluation of the vapor chamber radiator using the chosen working fluids against

the comparable conduction fin radiator provided a number of interesting comparisons.

A design point comparison of the two radiators is shown in Tables 7-2 and 7-3. The
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two radiators were designed with equivalent materials and overall thermal perform-
ance. Therefore the characteristics which afforded a direct comparison were the
effect on radiator weight and area when parameters such as survival probability and

thermal efficiencies (evaporative AT and condensing AT) were varied.

The vapor chamber radiator was noticeably sensitive to two parameters:

1. Evaporative AT

2, Condensing AT

The vapor chamber radiator is 12% lighter than the equivalent conduction fin radiator
with a survival probability of 0.999, but proved to be 14% heavier at a probability of
0.99. The apparent crossover point is at 0.998. The insensitivity of the vapor cham-
ber radiator to the changes in meteoroid survival requirements is due to the redundancy
afforded by the large number of chambers and the fact that the primary fluid is con-
centrated in a few ducts. The conduction fin radiator, however, presents a significantly
larger amount of vulnerable duct area since the fluid is constrained to flow in many

small tubes.

The values selected for the evaporative and condensing AT's as discussed in Section
5.2.1 were derived using the Cichelli and Bonilla correlation. The results obtained
during the test program indicated a reasonable correlation; however, values could be
expected to vary considerably depending on the design of the system. If the evaporative
AT were to increase by 100% which may be a reasonable assumption, a 17% increase in
weight and an 18% increase in area could be expected of the vapor chamber radiator.

A similar effect is caused by the change in condensing AT when the film thickness is

increased by 100%:; the weight is increased 9% while the area increases by 4%.

Most other parameters varied had little effect on the overall weight or area of the

radiator.
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TABLE 7-2. DESIGN POINT SUMMARY COMPARISON
(Overall Survival Probability = 0.999)

Design Point Summary of
Vapor Chamber Fin Radiator Characteristics

Design Point Summary of
COonduction Fin Radiator Characteristics

Primary Secondary Primary Secondary
Radiator Radiator Radiator Radiator |
Reguiremenis Requirements
Thermal Heat Rejection, kWt 12.3% 2.19 Thermal Heat Rejection, kWt 12.39 2.19
Primary Fluid Temperature Inlet-Cutlet, 288-64 118-64 Primary Fluid Temperature Inlet-Outlet, °r 288-64 118-64
Background Temperature, op -10 -10 Background Temperature, oF -10 -10
Survival Probability at 5 Years 0, 9992 0.9998 Survival Probability at 5 Years 0.9992 0.9998
Design Description Design Description
High Temperature Fluid n-Pentane None Radiator Outside Diam:ter, Ft, 9 9
Low Temperature Fluid Ammonia Armmonia Radiator Length, Ft. 12.4 4.21
Radiator Outside Diameter, Ft. 9 9 Number of Fluid Ducts 42 36
Radiator Length, Ft. 14.0 4.7 Duct Spacing, In. 8.06 9.40 é
Vapor Chamber Length, In. 26.2 26.2 Fluid Passages Per Duct 10 11
Vapor Chamber 1.D., In. 0.280 0.280 Fluid Passage Width, In. 0,010 0, 0115
Number of Vapor Chambers 1537 432 Duct Conduction Fin Thickness, In. 0,005 0. 0055
Average Vapor Chamber Spacing, In. 1.31 1.57
Primary Fluid Passage Width, In. 0.013 0,0125
Primary Duct Conduction Fin Thickness, In. 0,005 0,005
Performance Data 2 Performance Data 2
Physical Radiator Area, Ft 379 127 Physical Radiator Area, Ft 355 122
Primary Fluid Pressure Drop, PSI 8.88 3.8 Fluid Pressure Drop, PSI 13.7 5.8
Temperature Drops, oF Temperature Drop, oF
High Temperature Section 43 -
Low Temperature Section 15 13
Weight Tabulation Weight Tabulation
Primary Fluid Ducts 117.3 35.2 Fluid Ducts 198.0 42,0
Vapor Chambers 133.0 39.9 Conduction Fins 311.0 98.0
Conduction Fins 113.90 33.9 Headers 6.1 5.0
Panel Splice Joints 15.7 5.3 Panel Splice Joints 14.9 5.0
Interface Rings 11.8 12.8 Interface Rings 20.8 10.4
Stiffening Rings 65.8 23.3 Stiffening Rings 8.7 -
Total, Lb 456.6 150.4 Total, Lb 559.5 160.4




TABLE 7-3. DESIGN POINT SUMMARY COMPARISON
(Overall Survival Probability = 0.99)

[544

L Total, Lb

I Design Point Sumnury of Design Point Summary of |
Vapor Chamber Fin Radiator Chariacteristies Conduction Fin Radiator Characteristics j
" 1
Primary Sccondary Primary Secondary \
Radiator Radiator Radiator Radiator |
|
Requirements Requirements ;
Thermal Heat Rejection, KWt o 12.39 2.19 Thermal Heat Rejection, kWt o 12,39 2.19 i
Primary Fluid Temperature Infet-Outlet, T 2d8- 04 118-64 Primary Fluid Temperature Inlet-Outlet, ™ F 238-064 118-64 i
Backgroumd Temperature, OF -10 -10 Background Temperature, op ~10 ~10 \
Survival Probability at 5 Years 0. 992 0.998 Survival Probability at 5 Years 0,992 0.098
L — — —
Design Description Design Description ,
High Temperature Fluid n-Pentane None Radiator Outside Diameter, Ft. 9 o] |
Low Temperiture Fluid Ammonia Ammonia Radiator Length, Ft. 12.0 4,21
Radiator Outside Diameter, It. 9 9 Number of Fhuid Ducts 60 36 :
] Radiator Length, Ft. 15.9 4.7 Duct Spacing, In. 5.2 8.8 |
] Vapor Chamber Length, In. 26.2 26,2 TFluid Passages Per Duct 10 11 |
Vapor Chamber 1.D., In. 0.280 0.280 Fluid Passage Width, In. 0,010 0, 0105
Number of Vapor Chambers 1512 437 Duct Conduction Fin Thickness, In. 0.005 0. 006 ‘,
Avcrage Vapor Chamber Spacing, In. 1.32 1.54 ,
} Primary Fluid Passage Width, In. 0. 0137 0,0135 J
\! Primary Duct Conduction Iin Thickness, In. 0. 005 0.005 |
I |
| Performance Data 5 Performance Data o
] Physical Radiator Area, Ft~ 377 127 Physical Radiator Arca, Ft~ 344 122 i
} Primary Fluid Pressure Drop, PSI 8.88 3.8 Fluid Pressurce Drop, PSI 10.8 7.3
; Temperature Drops, o Temperature Drop, op
High Temperature Section 43 - J
| Tow Temperature Section 15 13 !
i - — et
Weight Tabulation Weight Tabulation i
Primary Tluid Ducts 116.0 315 Fluid Ducts 164 24 |
Vapor Chambers 133. 39.9 Conduction Fins 227 91 !
Conduction Fins 112.7 32,2 Headers 7.6 5 i
Pancl Splice Joints 15.7 5.3 Panel Splice Joints ‘
Interface Rings 11.8 12.8 Interface Rings 42 16 |
Stiffening Rings 65.8 23.3 Stiffening Rings
155 145 Total, Lb 441 136.0




A structural analysis performed (Section 5.3) indicated the conduction fin radiator to
be a better structural member than the vapor chamber radiator. However, the margin
of difference was small and in either-case the weight of additional structural members
required to support 2 6000-pound payload radiator was less than the weight required

for a separate structure.

An evaluation of fabrication processes required for each radiator indicates no major
advantages exist for either radiator. However, considering that each radiator requires
the fabrication of finned ducts, the additional complexity of fabricating the vapor cham-

bers gives the advantage to the conduction fin.

The requirement for the fabrication of finned ducts for each radiator is due to the use
of DC-200 organic working fluid at low flow rates. The finned duct provides the neces-
sary large heat transfer area required to reduce surface film temperature drops and
increase overall radiator efficiency. The use of a higher performance primary fluid
would possibly eliminate the need for extensive duct fins and substantially reduce the
design and fabrication complexity of both radiators, in particular the conduction fin

design.

7.4 CONCLUSIONS

Several overall conclusions result from the study:

1. The Vapor Chamber Radiator offers no significant advantages over a more
conventional conduction fin design for the Brayton cycle application.

2. Both radiators seem to be about equal in weight and area at a survival proba-
bility of 0.998. At higher probabilities, the vapor chamber radiator seems to
be lighter and smaller, while at lower probabilities the conduction fin radiator
is lighter and smaller. However, the differences in weight and area are less
than 20 percent over the range of probabilities from 0.990 to 0.999.

3. Both radiator designs represent significant fabrication difficulties. The con-
duction fin radiator duct design is complicated by the poor heat transfer and
flow properties of DC-200. The vapor chamber radiator has the same require-
ment in addition to a large number of heat pipes (vapor chambers).
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Vapor chamber fluids compatible with aluminum are available in the Brayton
cycle temperature range.

Of the fluids tested, ammonia is the best working fluid for vapor chambers
operating at temperafures below 150°F, At operating temperatures above
150°F, water is the best working fluid on the basis of performance calcula-
tions. However, since water is incompatible with aluminum, n-pentane was
selected for this temperature range.

Structural problems were not significant for the 6000-pound load considered.

The vapor chamber radiator is relatively insensitive to meteoroid survival
probability; whereas, the conduction fin radiator is very sensitive.

A start-up investigation of these radiators was not performed.

2
The specific weight for both radiator types ranges between 1.0 and 1.5 Ib/ft .
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TABULATED VALUES OF FLUID PROPERTIES®

FLUID: Propane C,LH

o 378
MELTING POINT: - 305.,9 F
BOILING POINT: - 43.8 O
CRITICAL PRESSURE P_: 618 psia
CRITICAL TEMPERATURE: 206.2 Op
LIQUID THERMAL CONDUCTIVITY® 0.07 Btu/hr—ft-oF
HEAT OF LIQUID VAPOR VAPOR LIQUID VAPOR LIQUID SURFACE
TEMPERATURE VAPORIZATION DENSITY DENSITY PRESSURE  VISCOSITY  VISCOSITY TENSION
°F BTU/LB LBFT LB/FT3 PSIA CENTIPOISE CENTIPOISE DYNE /CM
20 166.3 33.67 0.526 55.5 0.138 0.0072 13.0
40 160.3 32.73 0.730 78 .0 0.121 0,0075 10.8
60 152 .6 31.75 0.990 107.1 0,106 0.0079 8.8
100 135.6 29,58 1.69 187.0 0.083 0.0084 4,9
140 112.,5 27.00 2,78 305.,0 0.064 0.0090 2.1

#data sources listed at end of Appendix B
*egtimated
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TABULATED VALUES OF FLUID PROPERTIES

FlLUID: n~Pentane CSH12
MELTING POINT: - 201.5 o
BOILING POINT: 96.9 F
CRITICAL PRESSURE P.: 489.5 gsia
CRITICAL TEMPERATURE: 385.9 F

O
L1QUID THERMAL CONDUCTIVITY:  0.07 Btu/Hr-Ft-"F

HEAT OF LIQUID VAPOR VAPOR LIQUID VAPOR LIQUID SURFACE

TEMPERATURE VAPORIZATION DENS I'EY DENSITY PRESSURE VISCOSITY VISCOSITY TENSION

°F BTU/LB LB/FT LB/F'E‘3 PSIA CENTIPOISE CENTIPOISE DYNE /CM
50 162 .4 39.7 0.07 5.5 0.25 0.0055 17.1
150 142 .8 36.1 0.44 35.8 0.16 0.007 11.5
200 130.5 34,1 0.87 75.5 0.13 0.0078 8.8
250 115.4 31.7 1.6 147 0.12 0.009 6.7
300 97 28.9 2.9 253 0.10 0.010 4,8
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TABULATED VALUES OF FLUID PROPERTIES

FLUID: n—-Nonane C9H20
MELTING POINT: - 64.6 °F
o
BOILING POINT: 302.4 °F
CRITICAL PRESSURE P_: 362 psia
o
CRITICAL TEMPERATURE: 565 F
o
LIGUID THERMAL CONDUCTIVITY: .06 Btu/hr-ft=-F
HEAT OF LIQUID VAPOR VAPOR LIQUID VAPOR LIQUID SURFACE
TEMPERATURE VAPORIZATION ~ DENSITY ~DENSITY PRESSURE  VISCOSITY VISCOSITY TENSION
°F BTU/LB LBFT LB/FT? PSIA CENTIPOISE CENTIPOISE DYNE /CM
50 158.5 45.3 0.0007 0.03 0.83 23.9
150 147 .4 42 .6 0.0146 0.75 0.42 18.6
200 141.1 41.1 0.043 2.38 0.33 0.006 16.3
250 134.5 39,7 0.105 6.2 0.26 13.9
300 127.3 38.1 0.221 0.21 0.007 11.7
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TABULATED VALUES OF FLUID PROPERTIES

FLUID: Benzene C6H6
o)
MELTING POINT: - 42 °F
o]
BOILING POINT: 176 °F
CRITICAL PRESSURE P.: 714 psia
o)
CRITICAL TEMPERATURE: 553 °F
LIQUID THERMAL CONDUCTIVITY: 0.08 Btu/hr-ft-°F
HEAT OF LIQUID VAPOR VAPOR LIQUID VAPOR LIQUID SURFACE
TEMPERATURE VAPORIZATION ~ DENSITY ~DENSITY PRESSURE  VISCOSITY  VISCOSITY TENSION
°F BTU/LB LBFT LB/FT PSIA CENTIPOISE CENTIPOISE DYNE /CM
50 190 55.5 0.022 0.9 0.76 0.0075 30.2
150 174 51.8 0.108 9.2 0.37 0.009 23,3
200 165 49,9 0.237 21.7 0.28 19.6
250 156 47 .9 0.487 42.8 0.23 0.01 16 .4
300 145 45,7 0.874 72.0 0.20 0.011 13.1
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TABULATED VALUES OF FLUID PROPERTIES

FLUID: Freon 11 CClBF
o
MELTING POINT: - 168 F
o)
BOILING POINT: 74.9 °F
CRITICAL PRESSURE P_: 639 psia
CRITICAL TEMPERATURE: 388 OF
o
LIQUID THERMAL CONDUCTIVITY: 0.058 Btu/hr-ft-F
HEAT OF LIQUID VAPOR VAPOR LIQUID VAPOR LIQUID SURFACE
TEMPERATURE VAPORIZATION DENSITY DENSITY PRESSURE  VISCOSITY  VISCOSITY TENSION
°F BTU/LB LBFT LB/FT3 PSIA CENTIPOISE CENTIPOISE DYNE /CM
20 82.2 96.7 0.118 4,35 0.59 0.00¢%¢° 22.5
40 80.5 95.1 0.18 7.0 0.52 0.010 21.1
60 78.9 93.5 0.28 10.5 0.46 0.0106 19.6
120 73.3 88.6 0.78 32.5 0.35 0.011 15.4
150 70.4 85.8 1.21 52 .4 0.31 0.012 13.2
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TABULATED VALUES OF FLUID PROPERTIES

FLUID: Methyl Alcohol, Methanol CH3OH
o
MELTING POINT: - 144 °F
o
BOILING POINT: + 148.4 °F
CRITICAL PRESSURE P . 1155 psia
o
CRITICAL TEMPERATURE: 464 TF
LIGUID THERMAL CONDUCTIVITY: 0.12 Btu/hr—ft—OF
HEAT OF LIQUID VAPOR VAPOR LIQUID VAPOR LIQUID SURFACE
TEMPERATURE VAPORIZATION DENSITY DENSITY PRESSURE  VISCOSITY  VISCOSITY TENSION
°F BTU/LB LBFT LB/FT? PSIA  CENTIPOISE CENTIPOISE DYNE /CM
50 507 49,9 0.006 1.05 0.69 0.009 23.6
150 472 46,7 0.074 15.1 0.33 0.011 18.8
200 443 45,0 0.20 40,3 0.24 16.3
250 407 43,0 0.45 94,7 0.18 13.8
300 364 40.6 0.96 189 0.14 0.0145 11.1
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TABULATED VALUES OF FLUID PROPERTIES

FLUID: Ethyl Alecohol, Ethanol CHBCHZOH
o
MELTING POINT: - 174 °F
o
BOILING POINT: 173 °F
CRITICAL PRESSURE P 927 psia
fe)
CRITICAL TEMPERATURE : 469 °F
LIQUID THERMAL CONDUCTIVITY: .11 Btu/hr~ft—OF
HEAT OF LIQUID VAPOR VAPOR LIQUID VAPOR LIQUID SURFACE
TEMPERATURE VAPORIZATION ~ DENSITY DENSITY PRESSURE  VISCOSITY  VISCOSITY TENSION
°p BTU/LB LBFT LB/FT PSIA CENTIPOISE CENTIPOISE DYNE /CM
50 389 49.8 0.003 0.44 1.45 0.009 23.6
150 370 46,7 0.06 8.5 0.55 0.01 18.6
200 355 45,1 0.175 24,6 0.36 0.011 16,1
250 327 43,2 0.421 63.9 0.24 13.5
300 291 40,6 0.910 137 0.17 0.012 10.8
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TABULATED VALUES OF FLUID PROPERTIES

Isopropyl Alcohol, Isopropanol CH3—CH~OH~CH3

FLUID:
o
MELTING POINT: - 127.8 'F
o
BOILING POINT: 180.3 'F
CRITICAL PRESSURE P_: 779 psia
CRITICAL TEMPERATURE: 462 .5 OF
LIQUID THERMAL CONDUCTIVITY: 0.09 Btu/hr~ft—OF
HEAT OF LiIQUID VAPOR VAPOR LIQUID VAPOR LIQUID SURFACE
TEMPERATURE VAPORIZATION ~ DENSITY DENSITY PRESSURE  VISCOSITY  VISCOSITY TENSION
F BTU/LB LBFT LB/FT PSIA CENTIPOISE CENTIPOISE DYNE /cMm
50 331 49,5 0.0036 0.329 32.6 25.7
150 298 46,7 0.066 7.17 7.04 22.1
200 279 45.3 0.190 22.3 4.0 0.01 20.2
250 257 43,9 0.39 49,5 2,18 0.011 18.1
300 232 42 .5 0.67 20 1.5 16.1
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FLUID:
MELTING POINT:

BOILING POINT:

TABULATED VALUES OF FLUID PROPERTIES

CRITICAL PRESSURE P.:

c

CRITICAL TEMPERATURE:

Pyridine

LIQUID THERMAL CONDUCTIVITY:

43.6 °F
C
241 °F
817 psia
657 °F

0.09 Btu/Hr-ft-°F

N:CHCH: CHCH:CH

HEAT OF LiQUID VAPOR VAPOR LIQUID VAPOR LIQUID SURFACE
TEMPERATURE VAPORIZATION ~ DENSITY DENSITY PRESSURE  VISCOSITY  VISCOSITY TENSION
F BTU/LB LBFT LB/FT PSIA CENTIPOISE CENTIPOISE DYNE /CM
50 222 59.1 0.0025 0.176 0.975 39.8
150 208 55.8 0.0327 2.7 0.702 35,5
200 200 54,1 0.0837 7.4 0.533 31.3
250 191 52.3 0.1843 17.3 0.429 0.009 27.2
300 182 50.4 0.361 35,6 0.390 0.010 25.0
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TABULATED VALUES OF FLUID PROPERTIES

FluUIb:

MELTING POINT:

BOILING POINT:

CRITICAL PRESSURE PC:
CRITICAL TEMPERATURE:

LIQUID THERMAL CONDUCTIVITY:

Ammonia NH3
-107.9 °F
- 28 °F
1636 psia
271.2 °F
0.22 Btu/hr-ft—éF

HEAT OF LIQUID VAPOR VAPOR LIQUID VAPOR LIQUID SURFACE
TEMPERATURE VAPORIZATION ~ DENSITY  DENSITY PRESSURE VISCOSITY  VISCOSITY TENSION

°F BTU/LB LBFT LB/FT? PSIA CENTIPOISE CENTIPOISE DYNE /CM

20 553 40.4 0.17 48.2 0.161 0.009 26

40 535 39.5 0.28 73.3 0.140 0.009 24

60 520 38.5 0.36 107 .6 0.12 0.0096 27

120 452 35.2 0.96 286 .4 0.01 17

150 435 34 425 12
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TABULATED VALUES OF FLUID PROPERTIES

FLUID: Water HZO
MELTING POINT: 32 °F
BOILING POINT: 212 °F
CRITICAL PRESSURE P_: 3211 psia
CRITICAL TEMPERATURE: 705.6 °F

o
LIQUID THERMAL CONDUCTIVITY: 0.39 Btu/Hr-ft-"F

HEAT OF LIQUID VAPOR VAPOR LIQUID VAPOR LIQUID SURFACE

TEMPERATURE VAPORIZATION DENSITY DENSITY PRESSURE VISCOSITY  VISCOSITY TENSION

°F BTU/LB LBFT LB/FT3 PSIA CENTIPOISE CENTIPOISE DYNE /CM
50 1064 62.7 0.0006 0.18 1.3 74,2
150 1007 61.5 0.01 3.7 0.43 65.2
200 978 60.4 0.03 11.5 0.31 0.012 60.1
250 945 59,1 0.07 29.8 0.23 0.013 54,6
300 910 57.6 0.15 67 0.19 0.014 48,6
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(1964) .

Maxwell, J. B., Data Book of Hydrocarbons (1950).
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1.2.

2,1.

2.1.1.

2.1.3.

APPENDIX B
BRAYTON CYCLE SPACE POWER SYSTEM
ATMOSPHERIC ENVIRONMENTAL SPECIFICATION

(SPECIFICATION NO. P1224-2, JANUARY 31, 1967)

SCOPE

This specification lists the anticipated atmospheric environmental
conditions to which the Brayton Cycle Space Power System and components
shall be designed to withstand without malfunction or performance de-
gradation.

This specification does not cover development and/or acceptance tests.

Structural load enviromments (shock, vibration, acceleration, etc.) are
covered in NASA Specification P1224-1,

Environments
Environmental conditions specified are applicable to each of the com-
ponents and the complete space power system through manufacture, storage,

transportation, pre-~launch lift-off, and boost.

Environmental Conditions

Storage and Transportation

The Brayton Cycle Space Power System and components shall be shipped
and stored in suitable containers designed to eliminate or mitigate the
effects of environmental conditions as described herein.

Rain, Humidity, Sand, Dust and Salt Spray

The system and the components packaging and storage conditions shall
provide protection from rain, humidity, sand, dust and salt spray.

Normal Storage

The system and the components in their containers shall be capable of
storage for a period of two years without deterioration.

Temperature

During storage and transportation, the system and components will be
protected by the container from the ambient temperature environment
and the changes in this thermal environment.



3.0

3.

.1,

1.

.1.5.

1.

Pressgure

During the storage and transportation phase, the items (if the container
is not pressurized) will be subjected to pressures from sea level to a
maximum altitude of 50,000 feet. The maximum change in pressure to which
the items will be subjected is a reduction or increase in pressure of 1.25
psi per minute. This will occur in either a climb to 50,000 feet or a
descent from 50,000 feet.

Fungus

The system and components shall be adequately protected from fungi and
bacteria growth as experienced at the Atlantic Missile Range. (Reference
NASA TM X-53023, Section XL)

The components shall be designed and fabricated to withstand or resist
fungus growth as specified in MIL-STD-810 A (USAF), Method 508.1.

Handling and Vehicle Integration

During handling and vehicle integration, it can be anticipated that the

components and complete system may be exposed to atmospheric and weather
environments for maximum periods of six weeks. The natural environmental
extremes for the Atlantic Missile Range are specified in NASA TM X-53023.

Rain, Humidity, Sand, Dust, Salt Spray, and Fungus

Rain:

The following table gives the expected extreme rainfall rates at ground
level based on a return period of 10 years for the Atlantic Missile Range,
Pacific Missile Range and West Coast transportation.

1 Minute 1 Hour 24 Hours

Total Amount (mm.) 7.6 63 305

(in.) 0.3 2.5 12
Rate (mm. /hr.) 460 64 13

(in./hr.) 18 2.5 0.5
Average Drop Diameter (mm.) 3.8 2,6 2.0
Average Rate of Fall (m/sec.) 8.5 7.3 6.4
Peak Wind Speed (m/sec.) 20 20 20
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3.1.3.

3.1.4.

3.1.5.

266

Humidity

The system and components shall be designed and fabricated to withstand
simulated humidity cycle of 24 hours with a steady-state wind of less
than 5 m/sec. (9.7 knots) as follows:

a. Six (6) hours of 37.2°C (99°F) air temperature at 50 percent

relative humidity and vapor concentration of 26.9 g/m” (11.7
gr/fe3);

b. Six (6) hours of decreasing air temperature to 24.4°C (76°F)
with relative humidity increasing to 100 percent (saturation);

c. Eight (8) hours of decreasing air temperature to 21.1°C (70°F),
with a release of 3.9 grams of water as fluid per cubic meter

of air (1.7 gr/ft3), humidity remaining at 100 percent;

d. TFour (4) hours of increasing air temperature to 37.2°C (99°F)
and a decrease to 41 percent relative humidity.

The preceding schedule of temperature and humidity simulates the
conditions encountered at the Atlantic Missile Range.

Sand and Dust

The system and components shall be designed and fabricated to withstand
the tests specified in MIL-STD-810A (USAF), Method 510.1 with the ex-
ception that the test will be conducted at a temperature of 90° + 20°F
instead of 160°F. B

Fungus

The system and components shall be adequately protected from fungi
and bacteria growth as experienced at the Atlantic Missile Range.
(Reference NASA TM X-53023, Section XI.)

The components shall be designed and fabricated to withstand or resist
fungus growth as specified in MIL~STD 810 A (USAF), Method 508.1.

Salt Spray

The components and system shall be capable of withstanding salt spray
as experienced at the coastal regions of the continental United States
for periods up to six (6) weeks. The components shall be capable to
withstand the environment specified in MIL-STD-810A (USAF), Method
509.1.



3.3.

3.4.

E-5709

Temperature

The system and components shall withstand the surface air temperature
extremes, sky radiation tempervature and solar radiation as specified
for the Atlantic Missile Range in NASA TM X-~53023, Section II, Temper-
ature.

Wind
The system and components shall withstand the surface wind speed en-
velope (99 percentile) for the Atlantic Missile Range as specified in

NASA TM X-53023, Table 5.4B.,

Shock and Vibration

The techniques used in handling the system and components shall be such
that the shock and vibration imposed will not exceed that experienced
during transportation and launch.
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